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é{ ABSTRACT

This project was designed to determine any influence of dietary composition

on susceptibility to pulmonary oxygen toxicity in rats and mice. Of a varietv
of vitamins given in supranormal doses, only vitamin E proved efficacious in
delaying the onset of toxic symptoms in rats exposed to pure oxygen at one
atmosphere absolute. Dietary supplementation with the trace element selenium
appeared to be beneficial in some experiments but not others. Alteration of
amount and type of dietary fat-influenced mortality of rats at 1ATA oxygen.
The mechanisﬁ by which polyunsaturated fats in the diet might change suscep-
tibility to oxygen toxicity was not elucidated, but a possible relationship

with pulmonary prostaglandin metabolism is suqgested.

N

Key Words: diet, pulmonary oxygen toxicity, rodents, vitamin E, selenium,

polyunsaturated fatty acids, prostaglandins.




INTRODUCTIDN
The goal of this project was to develop a dietary regimen optimal for
attenuation of oxygen poisoning. It was predicated on the fact that cells
contain natural antioxidant systems which have evolved to combat overoxidation

during normal metabolism in an oxygen-containing environment. Examples include

Vitamin £ as an integral part of all membranes, the enzyme glutathione peroxidase,
some forms of which contain the trace metal selenium, the enzyme superoxide
dismutase, the hexose monophosphate pathway of glycolysis which produces
reducing equfvalents and the sulphydryl-containing substances glutathione as
well as sulfur-containing amino acids. The relationship of most known anti-
oxidants is shown in Figure 1,

Because these are naturally-occurring systems, it was hypothesized that
their effectiveness in combatting overoxidation during severe oxidant stress,

e.g. hyperoxia, might be amplified by manipulating concentrations of key

precursors in the cell or inducing higher ¢ zyme activity. In many cases, the
latter can be done by dietary means.

The mechanism of most of the work was to uce supranormal dietary con-
centrations of selected constituents in an attempt to increase cell concentrations,

; as in the case of Vitamin E, or altering the content of a dietary constituent,
such as lipid amount or composition, in order to achieve greater resistance to
oxygen toxicity.

The major advantage of using physiological changs in diet is that favorabfe
results allow testing in a range of species and the promise of use in man
without untoward side effects or threat to health., In all cases, dietary
alterations were restricted to physiologically reasonable changes which could

likely be applied with similar qualitative results in man.
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This report summarizes chronologically the work performed during this
contract by providing a brief introduction to the various experiments followed

by the pertinent data, usually in the form of the resulting publication.
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Figure 1l: Schematic representation of the interrelationships among the
known major antioxidant pathways in mammalian cells.
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OXYGEN TOXICITY IN MICE

for purposes of screening several—dietary constituents, we chose to use
the mouse as the experimental subjects. A project in progress at the time of
funding of this contract was designed to determine whether or not acclima-
tization to hypoxia, which had been shown to impart resistance to pulmonary
oxygen toxicity at 1 ATA (1), would also do so at higher pressures. The
following paper describes the results:

Hall, P., C.L. Schatte and J.W. Fitch. Relative susceptibility of altitude~
acclimatized mice to acute oxygen toxicity. J. App. Physiol. 38:279-281, 1975.

We also wished to determine the effects of age and sex on susceptibility
to toxicity in both pulmonary and central nervous system toxicity, The fol-
lowing paper relates those results:

Berry, S., J.W, Fitch and C.L. Schatte. Influence of sex and age on the sus-

ceptibility of mice to oxygen poisoning. Aviat. Space Environ. Med. 48:37-39,
1977.
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Relative susceptibility of altitude-acclimatized

mice to acute oxygen toxicity

PETER HALL, CHRISTOPHER L. SCHATTE, AND JOHN W. FITCH
Hypo-Hyperbaric Facility, Department of Physiology and Biophysics,

Colorado State University, Fort Collins, Colorado 80523

Havrt, PETER, CHRISTOPHER L. ScHATTE, axp Joun W. Fircn.
Relative susceptibility of altitude-acclimatized mice 1o acute oxygen toxicity.
J. Appl. Physiol. 38(2): 279-281. 1975.—The influence of hy-
poxic acclimatization at-altitudes of 0, 3.000, or 15,000 ft on the
relative susceptibility to acute oxvgen poisoning was determined
in 288 adult female mice. After acclimatization periods of 1, 2,
4, or 8 wk, the mice were exposed to oxvgen at high pressures
(OHP) of 4, 6, or 9 ATA and the times to convulsion and death
recorded. A factorial analysis of variance indicated that altitude
and OHP levei had inverse, lug-linear etfects on both parameters.
The duration of acclimatization progressively decreased the time
to death. The onset of convulsions and death was independent of
body weight. There were signitlcant interactions vn the measured
parameters between various combinations of altitude, OHP level.
and duration of acclimatization. While alterations in the me-
tabolism of gamma-aminobuivric acid and high-energy compounds
are common to both hypeoxi-. and hyperoxia, the most plausibic
explanation of the resuits - -+ . to the decrease in buffer base
induced by hypoxic az umauration which might have caused
CO; potentiation of OFt!" symproms.

hypoxia; acclimatization; ox;gen at high pressures; oxygen
poisoning; convulsions; death

IN ADDITION to the .raditional professions of caisson and
underwater work, there is increasing exposure of humans
to oxygen at high pre.sure (OHP) during the treatinent
of certain diseases, radiotherapy, and sport diving. A sub-
stantial number of these people live at an altitude other
than sea level and are tnerefore acclimatized to a reduced
inspired oxvgen tension.

If hypoxic acclimmatizarion prior t0 a hvperoxic cpisode
alters the individual's susceptibility to the svirptoms of
oxygen toxicity, it would be necessary to properly adjust
exposure times and maximuin OHP levels to maintain
safe operating conditions. Brauer et al. (1) have reported
that rats acclimatized to an altitude of 17,400 ft (382 nunHg)
survived the pulmonary damage attendunt upon an OHP
level of 1.08 atmospheres absolute (ATA) wnore than three
times longer than sea-level contwrols. But at 7 ATA, the
altitude rats convulsed in half the time of controls.

The present study was undertaken to further describe the
relationship between  hvpoxic acelimatization and  the
relative susceptibility to convulsions and death resulting
from exposure to OHP. Specitic emphasis was placed on
statistically quantifying the influence of and possible

interrelationships between a range of acclimatization alti-
tudes, duratons of acclimatization, and OHP levels.

METHODS AND MATERIALS

A group of 300 female mice (CFW strain, Carworth
Farms) with a mcan £35D weight of 19.34+ + 1.71 g was
raised to adufthood at sea level, randomly dividsd into
three groups and placed in three chambers av altitudes of
0 ft (P = 760 munHg, Po: = 139 suuHe), 3,000 {1 (Pe
= 632, Po. = 135), and 15,000 ft (Ps = 437, Py, = 89
in air. All were similarly housed and ted  Purina laboratory
chow). Once each dav, the chambers were bricAyv epened
to ambient pressure (632 nmunHe) for servicing. The ranges
of chamber tenperatures 126-29°C), relative humidities
(19-36" .1, ana CO), levels 10.06-0.16". ) were maintained
by adjusunent of gas How through the chambers.

Atintenvals of 1, 2, 4, and 8 wk, a group of 2% mice
was removed hom each chamber, weiched, and divided
into three groups of eight animals. These aroups were ex-
posed to OHP at 4, b, or 9 ATA b0, %), or 135 psia) in
a hyperbaric chamber tvolume = 1,000 liters) hitted with
a 24-compartnent wood and wirecloth cage which allowed
an unobstructed view of all subjects. All oxveen eXposures
had eight mice from each of the three altitude groups,
thereby enabling a valid comparison between groups for
every OHP test.

Compression rate was 0.66 ATA min and a flow was
maintained through the chamber such that oxveen apaivses
of the gas entering and leaving the chamber differed by no
more than 0.2'0 (Servomex paramagnetic analvzer).
Chamber temperatures varied between 24 and 26°C during
the exposures.

The titme to convulsion for cach subject was recorded as
the time in minutes between reaching pressure and the
onset of full clonic spasm. Time to death was taken as the
time in minutes between reaching pressure and the last
visible respiratory movement.

RESULTS

The mean body weight, time to convulsion, and time
to death for cach combination of acclimatization altitude,
duration at altitude, and OHP exposure is listed in Table
I. The data were analyzed using a factorial analvsis o
variance for cach of the measured parameters; a sunnnary
of the statistical results is shown in Table 2. The data for
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TABLE 1. Body weight and times to convulsion and

HALL, SCHATTE, AND FITCH

TABLE 2. Summary of a factorial analysis of

death for each erght-mouse cell us a function - variance for measured paramelers
of altitude of acclimatization, duration —_ s e
of acclimatizativn, and oxX)gen pressure Parameter Source of Variation dt MS Pt
Altitude, Durativn, O3 Pressure, » ody Wt Time to Time to Death, Body wt Altitude 2 106.54 0.005
fc wk ATA + 8  Convulsion, min min OHP 2 0.56
L . T Duration at alutude 3 437.02  0.005
0 1 4 22.1+1.6 135.2+17.9 19%.5+ 6.6 Alt X OHP 4 11.57 0.025
6 23010 12.0% 4.5 33.8+ 6.4 Alt X Dur 6 14.35 0.0l
9 24.0%2.0 34 3 4.0x 2.8 OHP X Dur 6 »
2 4 24.6£1.5 150.2439.3 249.1x 82.2 Alt X OHP X Dur 12 5.74
6 23.742.2 8.1k 3.1 $3.7x 5.4 Error 252 3.66
9 23.3+1.8 4.8x 1.9 2.6k 2.1 ’
4 4 27.8£1.8 15734364 235921009 Time to convulsion® Altitude 2 1.317 0.003
6 24.74£2.9 18.8xlb6 72.8+ lb.l OHP 2 64.99% 0.005
9 26.3+2.6 +.1x 6 Wik 1.3 Duration a1 alitude 3 0.039
8 4 28.63.7 179.0x37.+ 25.0+ 0.6 Alt X OHP 4 0.333 0.003
: 6 26.9£2.0 7.7+ 2.7 49 4.4 Alt X Dur 5 J.068 0.01
9 29.0x1.7 3o 8 222+ 2.6 OHP X Dur 6 0.05 0.025
. Alt X OHP X D 12 0.080 0V.005
5,000 1 4 2715 12474312 1853 22.1 Error s 002
6 21 5xl.6 7.1 1.8 48.0x 9.3
9 218xl.2 39% 7 Bk 29 Tige 1o death® Altitude 2 0.124 0.003
2 4 21.242.0 163.8+42.8 2773+ 28.2 OHP 2 23.375 0.005
6 21.8£1.3 12,0+ 6.3 30.0% 11.9 Duration at altitude 3 0.021 0.025
9 22.1£2.1 3.1x 3 2.6x 2.7 Alt X OHP + 0.023 0.005
4 4 25.0£1.3 137.643.3 202.1x 34.4 Alt X Dur 6 0.07%¢ 0.005
6 26.9£2.0 8.7 4.0 2.4x +.b OHP X Dur 5 0.050 0.0U3
9 26.1+1.6 3.2+ .3 21.0x .3 Alt X OHP X Dur 12 4.009
g 4 27 .0x2.7 176.8+33.8 223.3x 35.3 Error 252 0.006
(] 28 4x1.8 9.2+ 6.6 48.3x 11.8 [ I, L e -
E 28.4£23 3.8k 6 20% 1.5 * Mean square values based on logarithmic transformation of
R the data. t Probabilitv of Fisher ratio for those factors with
15,000 1 4 21 51,1 111.6%25.5 196.7+ 14.4 P < 0.05 or better.
6 21.0£1.6 4.8% l.o 45.9x 8.7
9 2t1.0£1.6 3.4+ 1.5 2.8%x 2.6
2 4 22.6x1.5 53t.3%32.1 197.9x 43,0 was found to have had no cffect on any of .} other pa-
g ﬁg::; jzf 5: j?;f li'; rameters. This agrees with the previously r 1 orted tind-
4 4 220416 10924449 181.7% 62.0 1ngs u, .a)'that oxygen toxicity is indepenc..ir of hody
6 24512 4.5% 1.2 0.7+ 55  weight within a species.
9 23.8x1.2 3.3x .3 08x 15 The logarithin of time to convulsion variec inversely
8 z 33-?:t: g ll’U-:':t*?-U 13‘1-;1: -5:1; as a function of altitude and OHP level and the orthegonal
26.1+1. .4+ LY 35.9%x 8. - o relationshins were Eriniariiv
9 B 1s19 295 10 198+ 1.8 analysis indicated that thesc relationships were primarily

Values are means £+ SD.

times to convulsion and death were analyzed using the
common logarithmic transforimations because a plot of
these times versus OHP level revealed an exponential re-
lationship. Further, the means and stundard deviations of
the 36 eight-mouse groups exhibited a constant ratio for
all thrce OHP levels, a condition lfor which logarithmic
transformation of the data s valid and recommended as a
more powerful analysis (8).

Body weight increased significantly throughout the
experiment but altitude inversely affected the rare of in-
crease, a finding rypical of hypoxic exposure (9). An
orthogonal breakdown of the sums of squares indicated
that both the elfects of altitude and duration at altitudes
were linear func 'ons. In addition to these single factor
effects, there wcre significant interactions between the
altitude and duration of acclimatization and between alti-
tude and OHP icvel. However, these interactions were
statistically of lesser magnitude than the single factor
eflects.

By use of correlation and regression tests, body weight

log-linear with a small quadratic componer'. Tne dura-
tion of acclimatization at altitudue had no ¢Fect. Statis-
tically significant interactions of lesser moaenitude were
noted between altitude and OHP level, alutud.: and dur-
ation at altitude, OHP level and duration at altrude, and
all three of these factors in combination.

Following a pattern similar to that for time t¢ convul-
sion, the logarithm of time to death varied inversely as a
function of altitude, OHP level, and durauon at aluwde.
A significant variation duce to duration at altitude resulted
from a drop in tune to death at 8 wk; there wa. no sie-
nificant Auctuation at 1, 2, or + wk time. The rel-tionships
of time to death 10 altitude and OHP level were 'ag-linear
with sinall quadratic components while that for curation
at altitude was a combination of linear, quadriue, and
cubic functions. The log-lincar relationship of time to death
is in agrectnent with previous reports (4) which show an
exponential or log-lincar pattern for inice over a range
of oxyvagen pressures from 0.2 1o 10 ATA.

There were statistically significant interactions of lesser
magnitude between altitude and OHP level, alutude and
duration at altitude, and OHP level and duration at alu-
tude.
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HYPOXIC POTENTIATION OF O: TOXICITY

DISCUSSION

The results indicate that acclimatization to hypobaric
hypoxia prior to exposure to oxyvgen at high pressure cn-
hanced the susceptibility of mice to convulsions and death.
Predictably, the OHP level was the primary determinant
of times to convulsion and death but altitude of acclimati-
zation also had an inverse eflect of lesser magnitude on
both parameters. Duration of acclimatization at altitude
had no efleet on timme to convulsion but decrewsed time
to death.

Of particular note is the fact that times to convulsion
and death showed a log-linear relationship to both altitude
and OHP level. This suggests that the influence of either
factor might be predicted for a given combination of alti-
tude and OHP exposure.

The results confirm «he findings of Brauer et al. (1) that
rats acclimatized to 17,300 {t (382 inmmHg, Po; = 80 munHg)
had a lower mean time to convulsion than sea-level con-
trols during exposure to an OHP level of 7 ATA. The mean
decrease in convulsion titme for the rats was 307, which
quantitatively agrees with the approximate 370 decrease
in our mice maintained at 13,000 ft and exposed to 4, 6,
or 9 ATA.

The mechanismn by which altitude acclimatization po-
tentiates the effects of OHP cannot be discerned from our
data but three possibilities are pertinent. First, the in-
hibitory  ncurotransmitter  gamuna-aminobutvric  acid
(GABA) has been shown to decrease during exposure to
OHP (10) and increase during hypoxia (11), although a
simulated altitude of 24,000 fr was required to do so in
rats. Since a relatively -.ald degree of hypoxia was used in
the present study and then svas detrimental rather than
protective during OHI ¢rnocure, we do not believe that a
common etfect of Lvpoxic ard (OOHP on brain GABA levels
provides a reasonable explanation of the results.

The sccond possible explacation relates to an influence
of hypoxia and OHP on brain high-energy compounds,
typified by ATP. Sonders et al. (7) have presented evi-
dence suggesting 121, OHP-induced convulsions result
from a decrease in brain ATP concentration below a
threshold level. While it is conceivable that hypoxia could
reduce brain ATP levels, even acute severe hypoxia (Pao,
= 22 - 24 mmHg) has Leea shown to not significantly alter
the adenine nucleotide levels in rat brains (6). It therefore
does not scem likely that the hypoxic potentiation of oxyvgen
toxicity in this study resulted from a reduction of brain
high-energy compounds.
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The most plausible explanation of the results relates to
an influence of hypoxia and hyperoxia on blood and, pre-
sumably, tissue CO. content. Hypoxic acclimatization
lowers blood CO. tension and buifer hase (9). Oxvgen at
high pressure elevates CO4 tension due to saturation of
hemoglobin with oxygen and COs retention concomitant
with increased density of the gas mixture (2). Elevation
of blood CO. potentiates oxvgen poisoning while the ad-
dition of various buflers affords some prowection (2). if
the mice acclimatized to altitude did have a reduced
buffer capacity, it may be inferred that exposure to OHP
elevated blood CO. to the point that CO. synergisin oc-
curred, thereby shortening the times to convulsion and
death.

Whatever those mechanisms by which hypoxia influences
OHP roxicity mav be, our data and that of Brauer et al.
(1) suggest that there is an OHP level between 1 and 4
ATA at which hypoxia ceases to protect against oxvegen
poisoning, but rather enhances it. It may be that oxvgen
pressure at which the predominant, and ultimately tatal,
sviptom of oxvgen poisoning ceases to be pulmonary
deterioration and becomes a central nervous svstem lesion.
Thus, it might be speculated that either a single mecha-
nism of hvpoxia exists which protects the lungs but is
detrimental to the CNS, or that more than one mechanism
is operative and the level of OHP determines which one
will predominate.

The results have practical unplications in hyperoxic
therapy or any other circwmnstances in which a person
acciimatized to hvpoxia becomes exposed to oxvgen at
raised partial pressure. This is particularly Important
because animal species larger than mice or rats are more
susceptible to oxveen poisoning (3) so that they mav be
affected by altitude to an even greater extent than the
mice used in this study. Persons living at altitude who
must be treated with hyperbaric oxvgen for severe cardio-
respiratory dysfunction, radiotherapv of tumors, or in-
fectious diseases may be predisposed to the toxic effects of
oxyvgen. This risk may be further potentiated if other factors
which predispose to oxygen toxicity (exercise, hypercapnia,
high temperature, certain drugs) are also present. We there-
fore suggest that physicians or other persons involved with
hyperbaric oxygenation adjust exposure times o a given
level of OHP on the basis of previous acclimatization to
hypoxia.
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influence of Sex and Age on the
Suscepitibility of Rlice to Oxygen

Poisoning

SusaN BERRY, JouN W. FitcH, and CHRISTOPHER L. SCHATTE

Department of Physiology and Biophysics, Colorado State Uni-
versity, Fort Collins, Coloradvo 80523.

BERRY, S., J. W. Frrcu, and C. L. SCHaTTE. Influence of sex
and age on the suscepuidity of niice to oxygen poisoning, Aviat.
Space Environ. Med, Shciy 37-39, 1977,

We exposed 360 mice of equul sex distribution to 2, 4, or 6
ATA of pure oxdgen at 20, 30, 60, 90, or 120 d of age and re-
corded the times to death. Female mice survived longer than
males at all ages and ovvzen pressures tested, an effect more
pronounced at 4 and 6 ALA ovsuon. All mice showed a con-
sistent decrezse in time to deuth between 20 and 90 d of age:
thereafter, the trend was reversed, There were significant intes-
actions between sex and ovygen pressure, and age and ozygen
pressure. The mechanisms of these responses could ot be
discerned, but the data suggested that a post-pubertal increase
in the production of gonadal steroids may not hive heen the
determining factor with respect to th: sex differences

rHE PROLIFERATION »f research on oxvgen poi-

soning has made it cloar thit s iacidence and severi-
ty are influcnced by a broad raage of factors, among
which are age and scx These foctors are of obvious
interest, both to the invesizator seeking mechanisms of
oxyvgen poisoning and the cligician faced with the treat-
ment of young and adult ytients of both sexes using
hyperbaric oxygenation.

Nevertheless, the reported offects of age, sex, and the
administration of gonadal steroids are neither quantita-
tive nor conclusive. Wood (9 noted that female rats
tended to survive exposure o 75 p.si. oxveen longer
than males. Troy and Ford (5) reported that the
mean time to convulsion for female rats was significantly
longer thun that for males when exposed to 75 pas.i.
oxygen. These same authors found that adrenalectomy
abolished scizures in all femole and some male rats.
Subcutancous administration o estradiol to male adren-
alectomized rats doubled their resistance to seizures.
On the other hund, guinea pigs of either sex injected
with chorionic gonadotropin, progestins, or estrozens,
demonstrated a fulminating cdema when exposed to
10072 oxvgen at 1 ATA and died sooner than untreated
animals (2).

With respect to age. Hudson and Ferdman (3) ob-
served that newborn mice were substantially more sus-
ceptibie to pulmenary oxsgen poisoning than  adults
when exposed to 30 pisio oxvoen. However, Sperling
(4) showed that the severity of lung damage and con-
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vulsions induced by exposure to 4.4 ATA oxvgen in-
creased with age up to 21 d, after which it plateaued.
This study was undertaken to confirm the sex-related
response of mice to acute oxygen poisoning, to describe
the post-weaning age-related response, and 10 ascertain
whether or not these factors may be interrelated.

MATERIALS AND METHODS

Two CD-! mice (Carworth Farm) were transported
to and bred at 5,000 ft (632 mm Hg) to produce the
subject animals. Over four gencrations, 360 offspring
were raised under uniform conditions of caging, tem-
perature, and lighting. The mice were weaned at 20 d
of age, fed Purina Laboratory Chow and water «d
libitim, and segregated by sex.

At 20, 30, 60, 90, or 120 d of age, 72 animals were
rundomly  selected, weighed and divided into three
groups of 24 animals, cach with equal sex distribution,
for cxposure to 1009 oxygen at 2. 4. or 6 ATA. Be-
causc no single generation of mice praduced a number
sufficicat to test all five age groups simultancously, each
generation was allowed to mature to a selected ave:
first generation. 90 d: <ccond gencration, 60 d: third
generation, 120 du fourth generation, 20 and 30 d. The
pressures were chosen with the anticipation of differenti-
ating any pressure-refated etfects of age or sex. Exposure
to 100% oxygen resulted primarily in pulmonary ssmp-
toms at 2 ATA, primarily in CNS seizures at 6 ATA,
and both with about equal incidence at 4 ATA. All ex-
posures took place in a 1,000-1 chamber fitted with a
24-compartment wood and wire-cloth cuge. which al-
lowed observation of individual animals. Compression
rate was 0.66 ATA/min and gas flow through the
chamber was maintained at a rate sufficient to keep
£0:<0.5% . Chamber temperatures ranged {rom 2]
24 C. All exposures began between 0800 and 1000
hours, and ended when all animals were dead. Time to
death was taken as the time in minutes beiween reachiag
pressure and the Last visible resprratory mosement (error
= *d4Ssatdand 6 ATA and = 4 min at 2 ATA). Tae
data were analyzaed factorially for vanance. Fisher prob-
abiinty values ol 37 or Jess were considered significant.
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AGE, SEX, AND OXYGEN POISONING—BERRY ET AL.

TABLE 1. MEAN »+ SD. TIMES TO DEATH, IN MINUTES, OF
MICE AS A FUNCTION OF AGE IN DAYS, SEX, AND
OXYGEN PRESSURE IN ATMOSPHERES ABSOLUTE. EACH

MEAN REPRESENTS 12 OBSERVATIONS.

Minutes

Age Pressure Female Male

20 2 1954 + 169 1707 = 111
4 339+ 31 262 + 60
6 1M+ 1N 77+ 2§

30 2 175+« N2 1521 &+ 80
4 318 + 65 251 + 56
6 83 » 27 8+ 6

60 2 1560 = 133 1284 + 229
4 2717+ 64 219 + 47
6 78 + 24 54 + 14

90 2 1391 + 86 1250 = 136
4 233+ S} 184 + 18
6 51+« 8 45 = 7

120 2 1482 + 106 1371 + 121

’ 4 307 + 5§ 188 » 47

6 61 4

11 43+ 38

RESULTS AND DISCUSSION

The mean times 12 death of the various groups are
listed in Table I. There was a consistent decrease in time
to death of both sexes between 20 and 90 d of age at all
tiree oxygen pressures. Between 90 and [20 d of age.
there was a reversal of this trend. Female animals had
consistently longer times to death than maics, the dif-
ferences becoming greater with increasing oxvgen pres-
sure. The reiative rorcemiage increase in mean time to
death of females sver males was 14, 34, and 37 at
oxygen pressures Of 2. 4, and 6 ATA, respectively.

A summary of a factorial analysis of variance of
times to death is shewn ia Table [1. The effects of both
sex and age were highlv significant as were interactions
between sex and pressure, and age and pressure. There
was no effect of bod, weight on time to deaih.

Our results we.« rot designed to provide information
concerning the meciianisms by which sex and age might
aiier the resporise o oxvgen poisoning. However, one
feature concerning the possible role of the sex steroids
may be pertinent. Mice attain reproductive capacity
between 28 and 50 d >f age (1). at which time it would
be expecied that the production of estrogens by females
and androgens by males would be constderably higher
than that prior to puterty and fertility. If this were the
case, any alteration ir. the susceptibility to oxygen poi-

TABLE I1. FACTORIAL ANALYSIS OF VARIANCE OF TIMES

TO DEATH.

Source Jf F S
Sex 1 12538 < 001
Age . 16.36 <0.00001
Pressure 2 11032.62 <0 CO0L
Sex X age 4 147 n2i21
Sex X pressure 2 3598 < 0.C0001
Age X pressure L 3754 <0.02001
Sex x age X pressure L} 1.79 0.07693
Error 330

Total 359
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Fig. 1. Grand mean times to death in minutes for all oxygen
pressures of male and female mice as a function of age in days.

soning effected by changes in the levels of the gonadal
steroids weuld be expected to have been manifested at
60 d and bevond. Such a trend was not apparent. As in-
dicated in Table II. there was no interaction beiween
age and sex, i.e., the etfect of sex did not change with
age. This is graphically depicted in Fig. 1. in which it
may be obseived that the difference in the mean time
to death at all oxygen pressures between males and fe-
males remained relatively constant from 20 to 120 d of
age.

The reason for the increase in death times of both
mafe and female mice between 90 and 120 d of age 1s
unknown. Because this trend was observed in both sexes
and at al! three oxvgen pressures, we believe it probably
represents a legitimate age-related effect rather than an
artifact,

With regard to the effect of age on the response to
oxygen poisoning, we have extended the work of Sper-
ling (4) and found that increasing age is associated
with a decrease in tolerance to hyperbaric oxyvgen up to
at least 90 d of age. To the researcher investigating
mechanisms of oxygen poisoning, the inverse relation-
ship between tolerance to oxveen poisoning and age
suggests bivchemical aspects of CN5 maturaton as pos-
sible determinant factors. To the clinician ireating pa-
ticnts ranging from infants to adults, this relationship
suggests that age may be one of several variables which
should be considered when determining optimum oxygen
exposure regimens. Qur results, and those of Sperling
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(4), further indicate that the age-related response to 1236,

hyperoxia can be sufficiently defined to allow the pre- > "“":::;\;s":; fl:':b%r:.n:::df‘z;:w %:gﬁéx';“o‘s'::“gyi:::::;
d‘iction of an mdwndu:}ls re}anve suscepubxhty to a oxygen tensiors under moderate hyperbaric conditions.
given oxygen exposure intensity and duration based on . Angiology 17:819.824.

age as well as sex. 4. Sperling, D. R. 1970, Hyperbaric oxygen toxicity in newborn

and developing mice. J. Appl. Physiol. 29:422.474,

5. Troy, S. S.. and D. H. Ford. 1972. Hormonal protection of
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Nerve division for ischemic foot pain

Peripheral nerve division can provide pain relicf in selected patients with non-
reconstructible arterial occlusion, ischemic forefoot lesions, and unbearable foot
pain.

Under most circumstances, 1imbs of patients with favorable segmental lesions
at any level in the extremity should be revascularized and if arterial reconstruction
is impossible, amputation is the operation of choice and not necessarily an
admission of failure. Indications for nerve division, however, include severe and
chronic pain, local gangrene, nonreconstructible arterial lesions, absence of overt
infection, predicted inability to heal a lesser amputation, and refusal of major
amputation.

Contrair ¢cations are active sepsis, pain localized to the heel, and predominance
of neuropat..ic nain

Although e ooeration produces anesthesia of the forefoot and paralysis of
the intrinsic (0ot muscies. proprioception is not lost, and ambulation offers no
difficulty. Loczl ischemic lesions remain dry and contained with conservative foot
care. Patients with both diabetic neuropathy and ischemia have delayed sympto-
matic relict that is not as complete as that of patients without neuropathy.

Scrupuious hemostasis must be maintained during surgery, since the vasa vasorum
or nervosuin may be torn during nerve immobilization. The length of the nerve
removed petween clips varies with the exposure and does not have an observed
effect on th2 vdequacy or extent of forefoot anesthesia. Delayed wound healing
may be a prehiem despite gentle tissue handling and adequate hemostasis.

During a threc-year interval, 12 multisensory peripheral nerve divisions were
performed in !0 patients. Only two had to have subsequent limb amputation
while seven paticnts have been ambulatory with minimal oot pain for three
months to two and one-half years.

JOSEPH ALPFRT. MD DONALD K. BRIEF, MD, BRUCE J. BRENER. MD. and
VICTOR PARSONNET, MD. Newark Beth Israel Medical Center and College of Medicine
and Dentistry of New Jersev, Newark. Periphcral nerve division for relentless ischemic foot
pain. Arch Surg 111:557-560, 1976.
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DIETARY ANTIOXIDANT SUPPLEMENTATION

The initial experiments were desiéned to screen dietary compounds likely
to affect natural cellular antioxidant systems. In almost all experiments
performed uﬁder this contract, a semi-purified diet having a content similar to
that of the average American was used as the basal diet. Desired changes cculd
then be made for trace constituents without changing diet composition or
consistency.

. Results of supplementation with vitamins E and K, selenium and the sulfur
amino acids are described in the following paper:
Schatte, C. and A, Swansinger. Effect of dietary anti-oxidant supplementation
on the susceptibility to oxygen toxicity in mice. Aviat. Space Environ. Med.
47:147-150, 1976,

Additional experiments supplementing vitamins A, C and several congeners
of K were without effect,

The parenteral administration of vitamin E and Se to mice prior to
oxygen exposure showed that high blood and Lissile levels of E protected against
oxygen poisoning while Se did not (Figure .). I* also indicated that dietary
vitamin E probably did not get to the tissues in high amounts and that higher
levels than those used in the feeding experim=nts were needed to observe an

effect on oxygen poisoning.
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Effect of Dietary ""Antioxidant”
Suppiementation on the Susceptibility

fo Oxygen Toxicity in Mice
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SCHATTE, C.. and A. SwaNsINGER. Effect of dietary “anti-
oxidant” supplementation on the susceptibility to oxygen toxicity
in mice. Aviat. Spuce Environ. Med. 37(2):147-150, 1976.

This study was undertaken to test chronic feeding of some
normal dietary constituents on susceptibility to oxygen toxicity.
Eigbt-week-old vaale CD-1 mice were ted a semi-puriiied diet
simulating that of the average Arierican male and supplemented
with elther vitamin E. vitamin K, selenium, or the suifur amiro
aclds methionine and cystine, After 2, 4, 8, or 16 weeks, groups
of mice were exposed to oxygen at 1, 4, or 8 ATA and times to
respiratory distress, convulsion, and death recorded. Vitamin E
and anlino acid supplementation had no efiect whereas vitamin K
and selenium supplements increased time to death at 1 ATA.
Only the effect of selenium wa; statistically significant. All diets
significantly increased the time cf onset.of the measured param.
eters bepinming after 4 wseks, suggesting that one or more
constituents of the basal < ¢ afforded some protection against
oxygen toxicity.

HE INCREASING incidence of exposure to oxygen

at high pressure during diving and medical treatment
has spurred interest in the mechanisms of oxygen toxicity
and possible prophyla. *ic therapy. Several agents have
shown promise in attenuciing the effects of oxygen poi-
soning although many appjear to have undesirable side-
effects which may reutrict their use (4,6,12,16,19).
Among these agents are some normal dietary con-
stituents which, when admiuistered acutely, can prolong
the onset of oxygen poisoning and which do not appear
to have toxic side effecis when administered at high
dcsages (9,11,13,15,22).

The fact that certain normal dietary constituents can
influence the susceptibility to oxygen poisoning suggests
that an organism’s diet migit be formulated so as to en-
hance protection against the symptoms of oxygen tox-
icity. If increased cellular incorporation of these sub-
stances, as a result of chronic dietary supplementation,
were to decrease susceptibility to the pulmonary and cen

This research was supported by Office of Naval Research
coniract NU00O14-67-A-0299-0022 with funds provided by the
Naval Medical Research and Development Command.

The authors wish (0 thank Dr. C. R, Adams, Manager of Ani-
mal Nutriton, Depariment of Agriculture and Animal Health,
Roche Chemical Divisiun, Ho{fmann-LaRoche, Inc., for directing
assays for tissue tocopherols.

tral nervous system manifestations of oxvgen poisoning,
persons might be safely treated by means of diet prior to
a hyperoxic episode. Toward this end, a study was de-
signed to investigate on a preliminary basis four so-
called antioxidants (vitamins E and K, selenium, and the
sulfur amino acids methionine and cystine), the incorpo-
ration of which would be expected to increase during
chronic supplementation, which are not toxic in physio-
logicai doses, and which might be propnvlactic to the
svmptoms of oxygen poisoning.

MATERIALS AND METHODS

Eight-week-old male CD-1 mice (Charles River Lab-
oratories) were used in two experiments. The mice were
housed and fed under the same conditions in both stud-
ies. The basal diet used was designed to approximate
that of the average American male (3) and contained
by weight 195 protein, 21¢¢ fat (saturated/unsaturated
ratio of 3:2), and 51¢ carbohydrate. The composi-
tion is listed in Table I.

In the first experiment, one group of mice was given
supplemental selenium as Na:5eO; (10 ppm vs. 0.1
ppm for controls) and another a-tocopherylacetate
(600 i.u./kg. diet vs. 60 i.u./kg. diet for controls). In
the second experiment. the two experimental groups
were given vitamin K, (menadione bisulfite, 100 mg/kg
diet vs, 1 mg/kg diet for controls) or the sulfur amino

TABLE [. COMPOSITION OF BASAL DIET. ALL
CONSTITUENTS LISTED IN g/kg DIET.

Lactalbumin 190
Cornstarch 253
Sucrose 250
Beef Tallow 127
Saffiower Oil 85
Cellulose 25
Williams~—Briggs sait mix* 50
Vitamin mix® 20

*Supplemented with Na ScQ, 10 give 0.1 ppm Se, kg diet.

Contains per 2 kg of mix made up with curnstarch: vitamen A acetate,
400,000 1U; D, 40000 JU. d)-g-tocopherylacetate, $,500 1U; mena-
dionc bisulfite, 100 mg; boun, 0 mg: B., in manmtoi X 1000 10 g;

Ca pantothenate, 2 g: vholine Cl, 400 g; folate, 200 mg; PABA, 20 g;

mostol, 20 g miacin, 3 g, pyndoune HCLl, SO0 mg; riboflavin,
500 mg; thiamin, 500 mg; ascorbic acid, 10 g. *
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acids methionine and cystine (each at 0.6% vs. ~ 0.3%
for controls). These levels of supplementation were se-
lected as being sufficiently high to be effective yet
physiological.

At intervals of 2, 4, 8, or 16 weeks after beginning the
diets, 24 mice were randomly picked from each dietary
group, divided into three groups of eight each, and ex-
posed to 100% oxygen at 1, 4, or 8 ATA. These
pressures were selected with the intention of demon-
strating any selective influence of the dietary supple-
ments. It was anticipated that supplements influenc-
ing primarily the pulmonary symptoms might be most
effective at 1 ATA and those having a more central
effect might protect against symptoms at 4 and 8 ATA.
If a single mechanism of oxygen toxicity exists, it was
anticipated that prophy lactic supplements would be effec-
tive at all three oxygen levels. '

The exposures at 4 and 8 ATA were carried out in a
1000-/ chamber containing a wood and wirecloth cage
with 24 separate compartments; all subjects could there-
fore be observed individuaily. The 1 ATA exposures
were made in a thermostated 300-/ chamber. The
mice were allowed to run free and had food and water
ad lib. A 12:12-h light cycle was maintained during
the 1 ATA exposures.

All exposures were carried out with eight mice from
each of the two experimental groups and eight controls.
Compression was at a rate of | ATA/min, carbon di-
oxide was maintained at <0.5% as measured by gas
chromatography, and temperature was held at 25-26°C.

At 4 and &8 ATA, the times to respiratory distress
(gasping), clonic convulsion, and death were recorded.
The chamber was checked at 4-h intervals during the
1 ATA exposures and time to death recorded with an
accuracy of = 2 h.

The data were analyzed for variance using a 2X3 X4
design for times to respiratory distress and convulsion
and a 3X3Xx4 design for time to death. Statement of
statistical significance refers to a Fisher ratio of
p<0.05 or better.

RESULTS

In the first experiment, there was no significant effect
of diet or duration of feeding on any parameter measured
during exposure to 4 or 8 ATA. There was, however, a
significant effect of diet and duration of diet feeding on
time to death of mice exposed to OHP at 1 ATA
(Fig. 1). Se-supplemented mice had significantly pro-
longed times to death when compared to controls. Al-
though not statistically significant, animals fed a-toco-
pherylacetate skwed consistently shorter times to death
than controls.

Fig. 1 shows that the influence of duration of feeding
manifest itself rimarily as a substantial increase in time
to death after 4 weeks. While the duration of diet feeding
did not significantly alter parameters measured during
the 4 and 8 ATA cxposures, times to respiratory dis-
tress, convulsion, and death exhibited a similar pattern
as time to death at 1 ATA. j.e., a substantial increase
in the time to onset of these symptoms at 4 weeks.

In the second experiment, identical to the first except ‘
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Fig. 1. Mean #+ S.E.M. time to death of mice supplemented
with selenium (Se) or a-tocopherylacetate (TCA) during ex-
posure to 100% oxygen at 1 ATA. (n=8).

0 Cantrel

“hk aTCA

LYY o

L]
-
=
T

Body Weight.

Weeks
Fig. 2. Mean * S.EM. body weight of mi~e supplemented
with selenium (Se) or a-tocopherylacetate (TCA) ior 2, 4, 8, or
16 weeks. (n=24).
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Fig. 3. Mean = SEM. body weight of mice supplemented
with vitamin K. (K) or sulfur amino acids (SAA) for 2, 4, 8,
or {6 weeks. (n=24),
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Fig. 4. Mean = S.E.M. time to d=ath of mice supplemented
with vitamin K. (K) or sulfur amino acids (SAA) during ex-
posure to 100%c oxygen at 1 ATA. (n=8).

testing the effects of the suifur amino acids methionine
and cystine, there was no significant effect of diet on any
parameter except body weight (Fig. 3). Both experi-
mental groups gained weight at a faster rate than did
controls. It may be scen in Fig. 4, however, that animals
supplemented with vitamin K; had longer times to
death during exposure to oxygen at | ATA than controls
after 2, 4, and 16 wee'.s: the unexplained decrease in
time to death at 8 wee' < precluded a statistical differ-
ence between the K-treate 3 mice and centrols.

There was a signifizant et >ct of duration of diet feed-
ing on times to respiratory diswress at 4 ATA, time to
convulsion at 4 and 8 ATA, ~nd time to death at 1, 4,
and 8 ATA. The pattorn thet duration of feeding had is
represented in Fig. 4. As in the case of the first experi-
ment, there was a subs 2at'al increase in the parameters
at 4 and 8 weeks when c(ompared to 2 weeks. Peculiar to
the second experiment. th:re was a large decrease in all
values at {6 weeks. the cau.e of which is uncertain.

Analyses of brain and ring for selenium, total to-
copherol, and total sulfhvlryl groups are being com-
pleted and are not reported here. Based on the data
available thus far, there aopears to be a general in-
crease with duration of feeding in the tissues levels of
supplemented substances, .ke increase being more pro-
nounced in brain. That sclenium did accumulate in the
Se-treated mice is suggested by the depressed rate of
weight gain in these animalc (Fig. 2), a finding asso-
ciated with marginal Se toxicity (8).

No analyses for vitamin K concentration were at-
tempted.

DISCUSSION

The principal findings of this study are: 1) supple-
mental selenium can significantly increase time to death
in mice exposed to 100% oaygen at 1 ATA, 2) vitamin
K gives some indication of a similar effect, 3) under
the conditions of these experiments, supplemental
a-tocopherylacetate or sulfur amino acids do not pro-

vide protection against oxygen poisoning. and 4) one
or more components of the basal diet. other than the
experimental variables, substantially increased survival
times after being fed for 4 weeks.

Selenium: Selenium has an apparent “antioxidant™ func-
tion in the cell which is related to vitamin E function (5).
It has a known but not necessarily exclusive role as a
component of glutathione peroxidase (GSH-Px) which
is thought to catalyze the destruction of lipid peroxides
by using them to oxidize glutathione (10). Levels of
GSH-Px have been shown to be directly dependent on
Se levels in the diet (2). It may be speculated that, if
Se-treated mice in this study had elevated GSH-Px levels.
the prolongation of time to death mayv have been a
result of an increased ability to cope with lipid peroxides
formed during oxygen exposure. Because selenium ei-
hances the effectiveness of the sulfur amino acids at
least in vitro (1), a more efficacious route of adminis-
tration might be as seleno-amino acids rather than as
selenite.

a-Tocophervlacetate (TCA): Vitamin E is a well-
known “antioxidant” which has been shown by several
studies to attenuate the onset and severity of oxygen
toxicity (13.15,20.22). But 1n most cases, supplemented
animals were compared with deficient controls such that
rather dramatic differences were obtained. In one study
emploving acute supplementation of TCA above dietary
requirements. TCA had no effect on times to convulsion
or death in mice or lung damage in rats (12}, However,
chow-fed mice injected acutely with TCA have bezn
shown by Mengel's group to be protected against
hemolysis and seizures resulting from exposure to 100
oxgyen at 45 psia (13.22).

In those studies, the vitamin was administered in
higher doses and over a shorter period of time than in
the present work. It is possible that those animals had
relatively high blood levels but relatively low cellular
incorporation. It has been demonstrated that at least
one agent prophvlactic to oxygen poisoning, lithium. is
effective at peak blood levels but not at peak tissue
levels (16). If such is the case for TCA, it might
explain the discrepancy between Mengel's results and
ours. Whatever the explanation, our results indicate that
chronic supplementation of TCA at moderate doses does
not enhance protection against the svmptoms of oxvgen
poisoning despite apparent increases in brain and lung
tissue concentrations.

Methionine and Cystine: These amino acids have been
shown to have an “E-sparing” effect (17), perhaps via
their formation into reduced glutathione which is known
to protect against oxygen toxicity (4,19,21). Supplemen-
tation of these amino acids in the diets of chicks can
increase tissue glutathione levels (14) and the pre-
liminary indications are that both protein and non-
protein sulfhyvdry! groups were increased in the brains
and lungs of treated mice in this study. If the increased
non-protein  sulfhydryl concentration reflected true
glutathione concentration, the lack of any protective ef-
fect is intuitively puzzling. However, it should be noted
that previous reports concerning the prophylactic cffect’
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of glutathione involved acute administration of the com-
pound (4,19.21) such that blood. but perhaps not tissue,
levels were elevated. If this was true. it may be specu-
lated that glutathione, like lithium and perhaps vitamin
E, may be more effective extracellularly than intracel-
lularly. An alternative possibility is that the rate of
cellular glutathione synthesis is reiatively slow such that
endogenous pools are quickly consumed during oxygen
exposure; an exogenous source administered prior 1o or
during oxygen exposure might prevent severe depletion
temporarily, thereby prolonaing the breakdown of the
system. Further, the ability of the glutathione system to
cope with cellular over-oxidation may be limited by
glutathione utilization rather than total amount of gluta-
thione such that quantitative increases of cellular gluta-
thione may not be too important (18).

Vitamin X: Like selenium and the sulfur amino acids,
vitamin K can repldce vitamin E to some extent, sug-
gesting that it has some antioxidant activity (17). Sup-
plementation of both the water-soluble (K;) and oil-
soluble (K,) forms has been reported to increase sur-
vival of mice following exposure to oxygen or irradia-
tion (11).

Our results suggest that chronic supplementation with
moderate doses of K- has some protective effect against
the pulmenary symptoms of oxygen poisoning at 1 ATA.
The mechanism of action is unclear, although it prob-
ably acts in its postulated role as a redox cofactor in the
electron transport system (7). Vitamin K has several
analogues with varyinz nhysicochemical properties; it is
possible that the mc: . :fficacious form has yet to be
tested.

Effects of Duratiun of Fe>diig: Perhaps the most in-
triguing observzuion of these two experiments was the
marked (20-507: ) increas. in death times at 1 ATA
which occurred after 4 weeks’ feeding. Similar but less
pronounced patterns v cre observed in the second experi-
ment at 4 and 8 ATA Since ail three diets effected the
same change, it is tepting to speculate that one or
more components cf tte basal diet, other than the ex-
perimental variables, enhunced a critical reaction be-
tween 2 and 4 weeks fceding duration such that the
onset of cxygen poisoning was projonged.

It cannot be ascertuined from the present data what
these components might be, but we have not observed
such an increase in other experiments in which standard
Laboratory Chow was fcc The most dramatic difference
between the synthetic d.ets used here and Laboratory
Chow is the fat content (212 vs. ~ 4%, respectively).
We have previously shown (unpublished results) that the
fatty acid content can influence susceptibility to oxygen
convulsions and we are, thercfore, pursuing the pos-
sibility that the fat conter t of the average American uir .
may influence susceptibility to oxygen poisoning.

Although normal dietary constituents may not prove
to be as efficacious as some svnthetic compounds which
may eventually come into use, it is clear that diet can
play a role in attenuating the onset and severity of
oxygen poisoning.
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y Figure . Survival of mice injected intraperitoneally with vitamin E
3 in peanut oil (A) or Na2 SeO3 in saline (B) during exposure
to 1 ATA oxygen. Each group contained 12 mice.
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PULMONARY ANTIOXIDANT ENZYMES

We wished to evaluate vitamin E a;d selenium on pulmonary parameters
prior to mortality. It had been demonstrated that the activity of certain
antioxidant enzymes, e.g. glutathione peroxidanse, the hexose monophophate
shunt and superoxide dismutase, increased during oxygen exposure and thus might
be used as an index of oxidant stress(2), We therefore evaluated changes in
the activities of these enzymes as a function of treatments thought to protect
against oxygen poisoning--pre-treatment with hypoxia, sex and dietary supple-
mentation with vitamin £ and selenium.

We switched to the rat as an experimental subject because of its larger
size for tissue sampling and better-defined dietary requirements.

Table 1 shows that the antioxidant enzymes are not different in male

vs. female rat lungs prior to or after 48 hours of hyperoxia.

Table 1. Mean + SD Lung Weights (g) and Enzyme Activities (e.u./100 mg
Fresh Tissue) in Rats (N = 4),

Sex Hours Lung Weights GSH-Px HMP S0D
£xposure
Male 0 1.53 + .17 .62 + .04 .23 + .02 1.22 + .11
24 1.66 + .05 I3 % .07 .26 + .02 BT+ W14
48 1.96 + .27 .51 + .07 .09 + .03 o+ W16
Female (1] 1.28 + .10 .68 + .05 .18 + .02 1. .38
24 1.81 + .63 .70 + .06 .26 + .08 2+ 025
48 1.99 + .29 .52 + .03 .07 + .02 .66 + .19
-17-




Table 2 shows that rats acclimatiged to hypoxia prior to oxygen exposure

do not have different activities of the antioxidant enzymes.

Table 2: Mean + SD Lung Weights (g) and Enzyme activities (e.u./100 mg Fresh
Tissue) for Normoxic (N) and Hypoxic (H) Rats Following 0, 24 or 48
Hours of Oxygen Exposure {(n = 4),

Treatment Lung Weight GSH-Px HMP SOD

N-0 1.40 + .17 ‘0.51 + .03 0.31 + .07 0.67 + .12

N-24 1.49 + .13 1.18 + .12 0.28 + .01 0.61 + .17

N-48 1.82 + .44 0.43 + .10 0.32 + .10 0.54 + .10

H-0 1.98 + .11 0.51 .08 0.29 + .01 0.58 + .06

H-24 1.81 + .20 1.01 + .07 0.31 + .03 0.61 + .08

H-48 1.59 + .31 0.51 + .05 0.28 + .06 0.56 + .05

An attempt to induce elevated hexose r-unt monophosphate activity in lungs

by the use of a low fat, fasting-refeeding technique was successful in liver but

not in lung (Table 3).

Table 3: Mean + SD Enzyme Activities Expressed as Units per 100 mg Fresh
Tissue (n = 5).
Enzyme Fat Content
Tissue 0% 1.2% 1.2%(F) 21.2%
HMP Liver 2,37 + 1.28 1.14 + .26 2,92 + 1.92 0.31 + .14
Lungs 0.32 + .08 0.36 « .04 0.37 + .03 0.32 + .07

-18-




Dietary selenium and vitamin E as a
possible prophylactic to pulmonary
oxygen poisoning

C. L. Schatte

INTRODUCTION

The scope of oxygen therapy is limited largely by its potential toxicity. If the
toxicity could be ameliorated, the therapeutic usc of oxygen might be extended.
With the goal of delaying the onset of pulmonary oxvgen poisoning during
continuous exposure at 1 ATA, I have experimented with the dietary manipulation
of the natural antioxidant systems of pulmonary cells prior to oxvgen exposure.
This approach has the advantage of enhancing the cells” defence mechanisms by
using normally consumed substances. The extensive literature on the pharma-
cological effects of manv of these substances in humans implies that their potential
clinica! use may be facilitated.

The cells’ antioxidant defences apparently can detoxifv metabolically
produced oxidants 2t their uormal rate ot production, which is pO, dependent,
(superoxide and peroxide radicals) but they cannot cope when the pO, is increased.

The “core’ of the cells” antinxidant defence is probably the vitamin E—
glutathione peroxidase system. Vitamin E (E) probably acts to preferentially
prevent peroxidation of membrane polvunsaturated fatty acids. Lipid peroxides
which do form are detoxitied by a series of reactions, the most important of which
is catalysed by glutathione peroxidase (GSH-Py).

Several factors in the GSH-Py system are diet-dependent. One form of
GSH-P, rcguires selenium (Se), the level of which in the diet regulates the
enzyme’s activity.* Thus, a key antioxidant system enzvme can be induced to
supra-normal activity by elevating dietary Se. Glutathione (GSH) svnthesis
requires cysteine, gl\cme and glutamate, the latter also serving as a source of
reduced phosphop) ridine nucleotide (NADPH H) formation and as a precursor of
the neurotransmitter gamma-aminobutyric acid which has been implicated in the
aetiology of oxygen-induced convulsions.??

The activity of hexose monophosphate shunt (HMP) enzymes which help
control the rate of NADPH H production—involved in the complex GSH-Px
system—can be increased in liver by diet.#.3

The importance of E~-GSH-Px as an antioxidant system is illustrated by
the fact that GSH, GSH-Px HMP enzymes and GSH reductase have all been
shown to increase during adaptation te hyperoxia.®

Prec. 6th irs. cong. on HYPERBARIC MED'CINE, 1977, pp. 84-91. Aberdeen University Press
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METHODS AND MATERIALS

The experiments were designed to determine prophylactic effects of
dietary supplementation with E and Se alone and in combination, on the onset of
pulmonary oxygen toxicity. Weanling male Sprague-Dawlev CD-1 rats (Charles
River Company) were fed a semi-puritied diet (Table 1) similar to that of the
average American’ supplemented with nothing, 6oco ppm E (100 4 control)
1 ppm Se (30 x control) or both. After feeding periods of 4, 8 or 12 weeks, the rats
were exposed to pure oxygen at 1 ATA for 24 or 48 hours. At the 4-week testng,
the oxygen exposures were 36 and 60 hours but unexpectedly high mortality at
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Fig.1 Response of lung glutathione peroxidase (GSH-P,), hexose
monophosphate shunt enzymes (HMP) and lung wash protein content
(Protein) in rats exposed to pure oxygen at 1 ATA for O, 24 or 48 hours.
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60 hours (see Results) necessitated the 24- and 48-hour exposures at 8 and 12

weceks.

After oxygen exposure the lungs were removed and lavaged. Lung washes
were analysed for protein content,® presumably a good indicator of oxygen-
induced lung damage.® GSH-P,!° and the HMP enzymes!! were measured on a

high-speed supernatant made from homogenised lungs.

RESULTS

The results of an experiment demonstrating the progressive increase ia the
activities of lung GSH-P¢, HMP and lavage protein content during uxygen
MEAN 2 SEM LUNG CYTOSOLIC GLUTATHIONE PEROXIDASE ACTIVITY (n=4)
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Fig. 2 Response of whole lung glutathione peroxidase (GSH-P,) activity
of rats fed a basa! diet and exposed to air (3A) or oxygen (BO) or fed

the basal diet plus Selenium (Se), vitamin E (E) or both (SeE) and

exposed to oxygen, Numbers in the upper left hand corner of each panel
indicate duration of dietary pre-treatment. Unless otherwise indicated

in parentheses, each bar represents four obsetvations.
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MEAN £S.EM LUNG HEXOSE MONOPHOSPHATE SHUNT
ENZYMES ACTIVITY (n=4)
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Fig. 3 Response of wnole lung hexose monophosphate shunt enzymes
(HMP) to oxygen exposure. See Fig. 2 caption for syribol explanation.

exposure are shown in Fig. 1. Note that GSH-Py activity and protein content
increase substantially between 24 and 48 hours, a time during which noticeable
histological evidence of toxicity appears.

In diet experiments note the trend of mezsured parameters between 24 and
43 hours and assess the etheacy of a particular treatment based on whether or not
it altered that trend. Many obscrved changes were statistically significant; the
srnall number of observations precludes any definitive conclusions,
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MEAN £ SEM. PROTEIN CONTENT OF LUNG WASH (n=4}
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Fig. 4 Respcnse of lung wash pratzin content to oxygen exposure.
See Fig. 2 caption for explanauon.

The results for whole lung GSH-P¥are shown in Fig. 2. The high mortality
after 60 hours oxyaen exposure during the 4 weex tests precluded parametric trend
analysis. The pattern of mortality evident was consistent with trends observed
during subscquent tests at § and 12 weeks. There were no survivors in untreared
oxygen-cxposed controls after 60 hours: 1 of 4 rars alive in E-fed rats with or
without Se, and 3 of 4 rats alive in the Se-supplemented group. The higher
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GSH-Py levels seen in both Se-fed groups suggested induction of the enzyme by
Se during the pre-exposure dict treatment period.

At 8 wecks, there was uncharacteristically no increase in enzyme activity
between 24 and 48 hours in the untreated, oxygen-exposed rats, a finding contrary
to those of this and other experiments. Rats fed supplemental Se azain showed
higher GSH-Py activity than controls but no increase between 24 and 48 hours
oxygen exposure. E-fed rats had slightly below control activity at 24 hours and a
large increase in activity between 24 and 48 hours, suggesting little protection
agarnst oxygen toxicity.

After 12 weeks of feeding, all three treatment groups were protected based ¢n
no increase in enzyme activity between 24 and 48 hours when compared to un-
treated controls. Interestingly, the presumed Se-dependent stimulation nf GSH-P,
activity in Se-supplemented rats observed atter 4 and 8 weeks was absent at 12
weeks. This may be signiticant because it suggests that the apparent protection
of Se may not have been linked to GSH-Py activity.

The data for the HIMP enzymes (Fig. 3) were consistent with those for
GSH-Py. Data for the 4 week tests were discarded for technical reasons. That for
8 and 12 weeks indicated that Se-supplemented rats were protected somewhat
based on no increase in enzvme activity between 24 and 48 hours. Vitamin E
supplementation apparently was not effective until 12 weeks. As with GSH-P, Sc-
fed rats tended to have higher enzyme activity at 24 hours than controls.

Figure 4 shows the data for protein content of lung lavages. At 4 weeks,
those rats still alive after 60 hours oxygen exposure were clearly in worse condition
than unexposed air controls. After 8 weeks, the Se- and the E-supplemented rats
were somewhat protected based on the increase in alveolar protein berween 24 and
48 hours; those fed both Se and E were not. After 12 weeks, all treatment groups
tolerated oxygen exposure better than untreated controls.

DISCUSSION
The results suggest:

1. Dietary Se supplemen.ation for 4 or more weeks elevates SGH-T¥

activity of whole lung and appears to attenuate the severity of pulmonary
oxygen poisoning resulting from continuous exposure at 1 ATA: the
maode of action of Se is not known: besides its involvement with GSH-P,
it is also possible Se functions in electron transport. 2

2. Dictary E supplementation offers some protection against toxicity but
requires a feeding period of 12 weeks and may not be as great as that of
Se. The mode of administration of I may be a factor since intra periton-
eal injections exert a very dramatic protective etfect.

3. There appears to be no synergistic effcet between E and Se with regard
to protection against toxicity although E did appear to reduce GSH-Px
activity in some cases.
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The use of Se and E as prophylatic agents is experimental and requires an

accurate description of desages, duration of supplementation, and mechanism of
action. However, their potential is enhanced by *he fact that they are nawral to
mammalian systems and their biological roles are, to some degree, understood.
Pursuit of this potential can lead to their use clinically and may allow safe extension
of the currently accepted oxygen exposure limits.
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The effects of dietary supplementation with vitamin E and selenium

on the response of the antioxidant enzymes during hyperoxia is described in the

following paper:

Scatte, C.L. Dietary selenium and vitamin E as a possible prophylactic to
pulmonary oxygen poisoning in Proc. VIth Internat. Cong. Hyperbaric Med., ed.
G.E. Smith, Aberdeen University Press, 1979.




DIETARY FAT AND PULMONARY PROSTAGLANDINS

The results of an experiment in which dietary fat content was varied

suggested that lipid metabolism might influence susceptibility to oxygen

toxicity (Table 4).

Table 4: Mean + SD Enzyme Activity (e.u./100 Ug Fresh Tissue) and Mortality

of Rats after 72 hours Exposure to Oxygen.

GSH-Px

fat Content HMP Mortality
Lab chow, 5% .28 + .05 32+ 12 /11
Synthetic, 5% <40 + .10 .27 + .03 3/10
Synthetic, 9.3% 63 + .12 32 + .04 S/1
Synthetic, 21.2% 47 + .13 31 + .04 10/11
Synthetic, 36.5% .56 + .13 .29 + 01 9/10

Because dietary fat content can influence the formation of prostagl rdins,

substances having a range of physiological effects which might impact oxvgen

toxicity, we carried out a series of experiments desianed to measure chances in

lung prostaglandin levels during hyperoxia, the effect of dietary fat on those

levels and the effect of hyperoxia on metabolism of the prostaglandins.

The following papers described those experiments:

Meydani, S.N., M.M. Mathias and C.L. Schatte.
oxygen tension influence pulmonary prostaglandin synthetic potential.
taglandins and Medicine 1:241-249, 1978.

vVader, C.R., M.M, Mathias and C.L. Schatte.
during normobaric hyperoxia.

Schattr, C.L. and M.M, Mathias.

normobal ic hyperoxia.
in press, 1981,

Dietary fat type and ambient

Prie-~

Pulmonary prostaglandin metabtolism

Prostaglandins and Medicire, in press, 1980,

Pulmonary prostaglandin metabolism during

in Proc., VII Symp. Urderwater Physiol., ed. C.W. Shilling,
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Prostaglandins and Medicine 1: 241-249, 1978,

DIETARY FAT TYPE AND AMBIENT OXYGEN TENSION INFLUENCE PULMONARY
PROSTAGLANDIN SYNTHETIC POTENTIAL

S. N. Meydani, M. M. Mathias, C. L. Schatte. Department of
FQod Science and Nutrition and Department of Physiology and
Biophysics, Colorado State University, Fcrt Collins, Colorado
80523. (reprint requests to CLS)

ABSTRACT

Chronic hyperoxia produces pathological changes in lung which
can be fatal. With an interest in delineating dietary factors
which might affect the pulmonary response to hyperoxia, we fed
rats a semi-synthetic diet containing polyunsaturated fatty
acids (PUFA) as either 5% or 78% of the fat complement. Tae
rats were exposed to pure oxygen at one atmosphere. Half the
animals in each diet group were injected with aspirin <-.rina the
hyperoxic exposure. Radioimmunocassav of lung prostaglardins (PG)
F,a, E, and E; were performed at 0, 24, 48 and 72 hours. The
major findings were: (1) Feeding the high PUFA diet elevated lung
PG synthetic potential tenfold over that of low PUFA~fed animals.
There was no effect of diet on mortality. (2) Hyperoxia signi-
ficantly increased F,o~synthetic potential auring the first 24
hours of hyperoxia and moderately increased the synthetr:rc po-
tential of E; and E,. (3) Aspirin significantly deprecscd
synthetic potential of all three PG prior to oxygen exponure but
its effect was overcome during hyveroxia. Aspirin-injected rats
showed 80% mortality in oxygen vs. 50% for saline contrcoic.

We concluded that dietary PUFA and hyperoxia alter PG syathetic
potential but its role in the pulmonary response to hypercxia
remains obscure.

INTRODUCTION

Chronic exposure to hyperoxia causes pulmonary edema and
congestion which can be fatal (l1). It has been well established
that prostaglandins (PG) are intimately involved in lung
function; PGF:a has pulmonary vasoconsti.ictor activity while
PGE, is a vasodilator in most species studied (2) including rats
(3). Our interest in identifying dietary factors which might
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fatty acids (PUFA) and during exposure to hyperoxia.

t
|

influence the pulmonary response to hyperoxia has led us to
focus on PG metabolism for the following reasons. PG synthesis
is known to require oxygen and essential fatty acids. It is
conceivable that a net increase in vasoconstrictor PG activity
during exposure to hyperoxia might enhance the edema formation.
Aspirin, a known inhibitor of PG synthesis, has been shown to
exacerbate the toxic effects of hyperoxia (4). It has been
demonstrated that in vitro hyperoxygenation will accelerate PG
production by rat renal medulla (5) and that synthesis by at
least adipose tissue and platelets can be influenced by dietary
fat type (6,7). This study was conducted to investigate any
changes in pulmonary PG synthetic capacity following treatment
with diets containing different amounts of polyunsaturated

MATERIALS AND METHODS

One hundred-thirty-two weanling Sprague-Dawley-derived rats
(Charles River, Wilmington, MA) were maintained so as to keep
chronic respiratory disease 2t a minimum. They were fed a basal
diet containing 19.0% casein, 0.4% dl-methionine, 25.0% corn-
starch, 24.9% sucrose, 2.5% cellulose, 5.0% salt mix, 2.0%
vitamin mix, and 21.2% fat. Half the animals were fed a diet
containing primarily saturated fat (approximately 5% PUFA) as
beef tallow and the other half approximately 78% PUFA as saf-
flower oil. The diet containing beef tallow as the fat source
closely approximated that consumed by the average American (8).
The diets and tap water were provided ad libitum for one month,
after which 18 rats from each dietar;, group were exposed to air
and the rest were exposed to oxygen 1t 1 ztmosphere in controlled
environment chambers (9). In our mciel system oxygen exposure
produces discernible opulmonary biochenlcal changes after 24 hours,
incipient edema and histological symptoms at 48 hours and up to
100% mortality by 72 hours.

In order to gain insight into the pccsible effect of aspirin on
PG synthetic capacity during hyperc:ia, half of the animals in
each dietary group were injected intraperitoneally with 50 mg
aspirin/kg in saline at 1, 24 and 48 hours of oxygen exposure.
This dose rate was determined, during a preliminary experiment,
adequate to maintain a pulmonary concentration in the range of
20-100uM for 16-20 hours. That concen=zration range provided

up to 50% inhibition of PGF;a, PGE, and PGE, synthesis by rat
lung homogenate in vitro (unpublished results).

At 24, 48 and 60 hours, groups of aniinals were killed with
chloroform. The left lung was homogerized in 10 volumes of

42 mM aspirin in 0.1 M potassium phosghate buffer (pH 7.4) with
a teflon-pestle, glass-vessel homogenizer within 2 minutes. PG
were probably synthesized during tissue manipulation so the PG
content reflected the physiological potential of the tissue for
PG biosynthesis. The homugenates were kept frozen for sub-
sequent analyses for PGF,a, PGE; and PGE, using the radioc-
immunoassay described by Hwang et al (7) and McCosh, et al (10).
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This method involved overnight precipitation of each prosta-
glandin-specific antiserum with the rabbit anti-gamma globulin
(Method II). The PGE,; antiserum had a cross-reactivity of
8+2% with PGE; and the PGE: antiserum had a cross~reactivity
of 6+1% with PGE,. The cross-reactivity with 6-keto-PFG,a of
the antisera for PGF:o, PGE; and PGE,; was 2%, 0.5% and 1.0%,
respectively. Parallelism was established and the recoveries
of PG were shown to be 90-100%.

The results were analyzed using a 2 (oxygen response for 24 and
48 hours) x 2 (fat) x 2 (aspirin) factorial design analysis of
variance. The controls and 60-hour results were analyzed by
t-tests due to the unequal sample numbers. All data are pre-
sented as mean + standard error.

RESULTS

Figures 1-3 illustrate the response of the measured PG to

dietary fat treatment, aspirin injection and continuous ex-
posure to hyperoxia. We recognize that cross-reactivity of anti-~
bodies used for radioimmuncassay precludes accurate statements of
true PG corcentrations; all references to PG actually indicate
concentrations of F,a-, E,- and E;- like material in the assay
samples. The number of observations in each group for the samzle
times were: 0 hours-9; 24 hours-8; 48 hours-8; 60 hours-from 1-4.
The variable sample number at 60 hours of oxygen exposure re-
sulted from an unexpectedly high mortality at that time. While
dietary fac type had no effect, aspirin-iniected rats experienced
80% mortal.ty between 48 and 60 hours vs. 50% for saline-injected
animals.

The most nrominent effect on pulmonary PG synthetic potential was
that of detacy fat type. Rats fed the high PUFA-safflower oil .
diet show=2d significantly (p<.001) higher levels of the three PG
at all sampi2 times than d4id those fed the low PUFA-beef tallow
diet. The relative magnitude of the difference in saline-
injected, non-oxygen-exposed controls was 8-, 13- and 1ll-fold

for F,¢, E2, and E;, respectively.

Aspirin injection significantly (p<.001l) decreased all three PG
levels in non-oxvgen-axposed rats. The respective decreases for
the oil-f2¢ animals were 69% for F,a, 52% for E, and 58% for E;,
while those for tallow-fed animals were 48% for F,a, 25% for

E; and 29% for E,. These findings correspond to our observations
in vitro that F;a production was mcre sensitive to aspirin inhibi-
tion than either E, or E;. Of particular interest was the fact
that raising the ambient oxygen tension from the approximately
130 mmHg in air to >700 mmHg during hyperoxia attenuated the
depressant effect of aspirin injection on PG synthetic potential.
Hyperoxygenation appeared to be a mcre potent stimulator of PG
synthetic potential than was aspirin a depressant.
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Concentration of PGF;a-like material in rat lung
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Figure 2. Concentration of PGE;-like material in rat lung

homogenate.
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Figure 3. Concentration of PGE,-like material in rat lung
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That hyperoxia did significantly (p<.0l) increase F,a b..t not
E2 or E; during the first 24 hours' exposure of non-aspirin-
injected rats fed the safflower o0il diet was a third major
finding of this study. It is consonant with the report that
the rate of F,a synthesis by rat kidney medulla was accelerated
in vitro when gassed with 95% oxygen (5). PGF;a in the oil-fed
rats significantly (p<.05) decreased between 48 and 60 hours,
perhaps in response to the hypoxemia known to occur prior to
death (11).

DISCUSSION

The results clearly demonstrate that elevated dietary PUFA and
ambient oxygen tension increase the PG synthetic votential of
rat whole lung. The oxygen effect was most prominent for F;a
and was maximal after 24 hours' exposure. If PG are invclved in
the pulmonary symptoms which occur during chronic hyperoxia,

the changes during the first 24 hours may be critical. Few bio-
chemical or histological changes are observed at that time (1).

Our data do not provide information concerning the in vitro
physiological responses to the change in synthetic potential “ut
three observations are pertinent. Administration of aspirin, an
inhibitor of 2G synthesis which is known to predispose patients
receiving hyperoxic therapy to CNS symptoms (12), increased
mortality and decreased the zero time PG synthetic potential
substantially in all diet treatment groups. These two phenomena
may or may nct be related but the fact that aspirin inhibition
of synthetic potential was overcome after 24 hours' exposure

to oxygen points to the changes in PG synthetic potential durirg
this time as both substantial and prokably important.

The second point is that, despite a 10-fold increase in svn-
thetic potential of the oil-fed rats, there was no difference in
mortality between the two diet groups. While this fact secmingly
suggests that PG synthetic potential is not important in the
pathological response of the lung to oxygen, we believe thrat

may not be the case. We feel rather that substantial cha:. ‘es

in the synthetic potential of substances with powerful vaso-
activity such as prostaglandins probably constitute a response
of the cell to the hyperoxic stress and that the relatively
crude parameter of mortality was not sufficiently sensitive to
reflect more subtle differences between the two diet groups.
Further experiments incorporating sensitive histological and
functional parameters, particularly during the first 24 hours of
hyperoxia, would provide a more definitive assessment of any
effect resulting from the diet-induced changes in PG synthetic
potential.

The third observation of interest is the fact that aspirin poten-
tiation of oxygen toxicity may not be PG-related. While aspirin
administration increased mortality, there was no significant
difference in PG synthetic potential between the aspirin- and
zaline-injected animals after 24 hours of oxygen exposure.




Either the aspirin effect does not involve PG or the lower PG
synthetic potential of aspirin-injected rats prior to and
during the first 24 hours of hyperoxia was critical.

It is possible that PG-related factors other than synthetic
potential might explain the results. Recertly-discovered inter-
mediates and other products such as thromboxane A, or PGI, are
physiologically more potent than the PG we measured (]?) and may
have been responsible for our results. The rate of PG catabolism
may have been altered since PG dehydrogenase has been reported
to be inhibited by hyperoxia (14). Perhaps the rate of PG
conversion to less potent substances is more crucial than syn-
thetic potential or endogenous levels at any given time. The
lungs' sensitivity to hyperoxia may well be related to any
impairment of its central role in PG catabolism.

Whatever the mechanisms involved, this study suggests that both
dietary fat type and ambient oxygen tension are factors pertinent
to pulmonary prostaglandin synthesis. To the clinician utilizing
dietary fat alterations or oxyvgen therapy as treatment, the
potential consequences of increased prostaglandin synthesis must
be considered. To the basic scientist working with prostaglandin
synthesis, our results indicate that endogenous substances (FUFA
and oxygen) may be controlling factors of the lung's PG synthetic
poter.tial. We are further investigating these possibilities.
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ABSTRACT

Prostaglandin metabolism by rat lung tissue was measured following
exposures of 6, 24 and 48 hours to either pure oxygen or air at one
atmosphere. Tissue concentrations of PGEq, PGEp and PGFoy were not
altered by oxygen exposure. Prostaglandin synthetase activity decreased
between 24 and 48 hours but was not significantly different from control
at 48 hours. Combined prostaglandin dehydrogenase/reductase activity
decreased betvieen 24 and 48 hours to 13% of control values and was
significantly lower than in air at 48 hours. The plssma concerntration
of 13,14 cihydro-15-keto PGFy, a catabolite of PGF 94, was significantly
lower in oxygen-exposed rats at 24 and 48 hours. Ve conclude thst
endogenous pulmonary prostaglandin concentrations are maintained during
hyperoxia but that catebolism of prostaglandins by the lungs may be
impaired.
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INTRODUCTION

Exposure to oxygen at an ambient pressure of cne atmosphere produces
pulmonary pathology characterized by congestion, edema, capillary endothelial
cell necrosic and consolidation (1). While no relationship between prosta-
glandins (PG, and pulmonary oxygen toxicity has been demonstrated, several
observations cuggect such a possibility.

First, rolecular oxygen is a requirement for PG synthesis. If it is a
rate-limiting reactent, increasing availab’e oxvgen might increase PG
production. Consistant with this possibility, production of PGE and PGF
szries was ern~anced by hyperoxia in rat renal medullary slices (2) and lung
tissue homogerates (3).

Second, cne of the mechanisms by which hyperoxia is thought to exert
celeterious eifects on cells is through accelerated production of peroxides
(4). Incressed peroxide tone has been reported to enharice the activity of
PG synthetase (5).

Third, aspirin, an inhibitor of PG synthetase, exscerbated convulsions
induced by oxygen at high . »ssure (6) and increased mortality during oxygen
exposure at cne atmosphere 3). Indonethacin, another innibitor of PG
synthesis, partially attenuated the decrease in pulmonary vescular resistance
cbserved durino hyperoxia (7) but did not affect the mortality of rats
exposed to normobaric hyperoxia (8)., The vasoactivity of selected PG has
been shown to vary as a function of oxygen tension (9).

Finclly, there is evidence that the endothelial cells of the pulmonary
vascylature :re the first to show signs of necrcsis resulting from oxygen
toxicity (70 . Vescular endothelial cells have also been identified as a
primary sitc o’ syathesis of prostacvelin, or PGI2, one of the most

potent vasodi‘atcrs and anti-aggregating agents in the circulation (11).

These otservations present the possibility that sberrations in PG
metabolism cduring oxygen exposure might be zssociated, causally or otherwvise,
with the vicoular pathology which produces the known symptoms of oxygen
poisoning.

This stuay was undertaken to profile plasma and lung tissue concentra-
tions of selected PG and the activities of key enzymes during exposure to
normobaric h: peroxia.

METHODS

We perfcrmed two similar experiments which differed primarily in dure-
tion of exposure to hyperoxia. In both, chronic disease-free male Sprague-
Dawley rats {(Charles River Co.) weighing approximately 180q were individually
caged in 8 room raintained at 220C and 40% relative humidity. Water and
a semi-synthetic diet (3) were available ad libitum. The diet corposition
vas similar to that consumed by the averace Amarican, containing 40% of
celories as fat with a polyunsaturaied: saturated fatty acid ratio of
0.7,




After 10 days of diet feeding, the animals were rancomly divided into
groups for exposure either to air or pyre oxygen st one atmosphere. Expo-
sures were carried out in converted autoclaves with a volume of 200 liters.
Anbient temperature was maintained at 25-27°C by neans of a water jacket.
Carbon dioxide concentration was held at <0.5% by adjusting gas flow through
the chamber. Animal waste dropped through the floor grid onto absorbent
mixed with boric acid to reduce the buildup ammonia. Diet and water were
available ad libitum throughout the exposure.

Animals were sacrificed by decapitation after 0, 6 or 24 haurs of
exposure in the first experiment and after 6, 24 or 48 hours exposure in the
second. About 10ml of blood was collected in polypropylene cups containing

final concentrations of 1 WM indomethacin and 10 mg EDTA to stop PG synthesis,

Blood was mixed during collection to prevent clotting and then kept on
ice.

Lungs were excised with a minimum of mechanical stress and processed
for determination of endoagenocus PG concentrations or the activities of PG
synthetase and combined PG dehydrogenase/reductase as follcws.

Plasma and Tissue Prostanlandins

Blood was spun at 40,000g for 20 minutes at 4OC to obtain platelet-
poor plasma, which was then sdjusted to pH 3.8 + 0.2 with Q.11 citrate,
Tissues which had been quick-frozen in liquid nitregen at sacrifice were
homogenized 1:10 w/v in 0.1M citrate-phosphate buffer, pH 3.8, containing
1 mM indomethacin.

All samples were extracted twice with 5 volumes ethyl acetate for
45 minutes on a horizontal shaker. Recoveries ranged from 87-95%. The
extracts were combined and dried under nitrogen, reconstituted to 2.5ml
with buffer and radicirwunoassayed for PGE4, PGLo, PGFog &nd 13,14 dihvdro-.
15-keto PGFy (mPGFoy ), the major catabolite of PGFoy.

Prostaalandin Svnthetase

Freshly-excised lung tissue was homooenized on ice 1:5 w/v in 0.25!"
sucrose containing 1mt!t EDTA and 0.1 Tris buffer, pH 7.4. Homogenates vers
centrifuced at 9000q for 20 minutes at 4°C, the pellet removed, then recen-
trifuged at 100,000g for 60 minutes at 40C. The microscmal pellet was
reroved, the supernate hoiled for 5 minutes and the denatured protein
remcved by centrifuqing at 70009 for 15 minutes. Protein concentration was
determined by the microbiuret method (12) and the microscmal suspension
adjusted to a protein concentration of 1Cmg/ml.

Enzymatic activity was meesured using a modification of the reihod of
Parkes and Eling (13). The following mixture was incubzsted at 37°C for
two minutes: 1.0ml 0.1M Tris btuffer, pH 9.0, 100 ;1 1.0 CuSCy, 100
20m4 dithiothreitol, 5001 boiled supernate, 100 pul of 0.643 1! arachidonic
acid and 100 ul of the microszomal suspension. The reaction was stoppea by




adding 50 ul 1IN HC1., Excess arachidonate was inm-ediately removed by extrac-
tion with 10m)l hexane. Sample pH was adjusted to 7.0 with 50 ul 1IN KaOH,
The acunt of product generated during the incubation was determined

by radioimmunoassay for PGFp,. Blanks contained 100 pyl buffer instead of
the microsomal preparation.

Combined Prostaalandin Dehydrooenase/Reductase (PGDH/R)

Freshly-excised lung tissue was homogenized on ice 1:10 w/v in 0.092M
potassiun phosphate buffer, pH 7.3, containing 4mi MqClp and 0.1mM dithio-
threitol. The homogenates were centrifuged at 10,000g for 20 minutes, the
pellet removed, and recentrifuged at 78,000g for 60 minutes at 40C,
Protein concentration in the supernatant was determined by microbiuret and
adjusted to 10mg/ml.

Enzyme activity was determined usine rmodifications of the methods of
Parkes and Eling {14) and Lee and Levine (15). The following mixture was
incubated at 379C for &40 minutes: &00pl 0.25M potassium phosphate
buffer, pH 8.0, 100 1 Bal* NAD, 10011 20 pg/ml PGFp and 100 B1 supernatent.
Following the incubation, 100 ul 32mit NADH was &dded to inhibit PGDH and
serve as a cofactor for the reductese. The incubation was continued for 20
minutes, then stopped bv adjusting the pH to 3.0 with 100 3l 1.5! HC1 and
placing the reaction tubes on ice. Prior to rsdioimmunoassay for 13,14
dihydrc-15-keto PGF o, sample plt was adjusted to 7.0 with 100 ul 1N NafH,
Blanks contained 100 Bl buffer in lieu of the enzyme preparation.

Radioir—unosssav

Double antibody sequential precipitai’on radioimmunoassays (t‘ethod I)
were done under equilibrium conditions at i9C {16). Antisera for PGE and
PGF 2y wes obtained from Research Productz Ii-ternational, Elks Grove
Village, IL; for PGE,, from Sioma Chemical Co.. St. Louis, MJ; and for
13,14-gdihydro-15-keto PGF2, from J. D. Duport and M. . Mathizs, Department
of fFocd Science and hutrition, Coloradc State Universitv. Cross reesctivities
are shown in Table 1. Recoveries of added P5 ranged from 90-104% and paral-
lelisr was established for all assavs. T“nterassay precision expressed as th
coefficient of variation (n=6) was 6.6% for PGEq, 3.C% for PGE,, 7.8% for
PGFz, and 8.E% for mPGFgy . :




Table 1. Specificity of the prostaglandin aniisera used in the r.-dio-

immunoassavs. !

Antisera

Prostaglandin PGE 18 PGE 23 PGF 2,2 mPGF 7 D
PGE 4 100.0 1.8 <4.0 1.3
PGE 2 4,2 100.0 <3.0 0.2
PGF 1a < 0.1 <0.1 < 3.0 <0.1
PGF2q <01 <0.1 100.0 0.1
PGF 940 NAC NA <3.3 NA
mPGF 9,0 <0.1 NA 2.5 100.0
mPGE» < 0.1 0.1 NA 2.3
mPGE 40 0.1 < 0.1 NA 1.1
Thronboxane By N NA NA < 0.
Arachidonatu < 0.0 NA < 0.0 <0.01

38 Data obtained from supplier.
b 13,14-dihydro-15-keto PG; data from M, M, lathias.

C Not available.

RESULTS

In the first experiment, there were nc ~:gnificant chanages in lung tissue

PG concentrations or the circulating metabe.ite 2t PGFo4 (Table 2).

Lung

tissue mPGF 24 levels tenced to increase wit! oxyoen exposure while PGFoqy
decreased but it is unclear whether or rst tr=ce were related.

Table 2. Effect of air or oxygen on lung and plasma prostaclandin
concentrations (Experiment 1),
Hours of Luna Plasira
Exposure i
PGF o PGE 1 PGE 2 mPGF 2 mPGF 2 o
(ng/100 mg wet wt.) (ng/ml)
0
air 6.5+ 5.88 4,4 +2.5 2,4+1.5 2.2+0.8 3.9 + 0.8
¢ X x
air 3.1 + 2.2 5.2+ 1.8 2.3+ 1.4 3.5+ 0.5 12.8 + 4.1
oxygen 3.8 + 3.& 3.6 + 1.8 1.1+ 0.3 3.4+2.6 9.5 = 0.8
24 - - -
air 3.6 + 1.9 6.7+ 4.8 1.6 +0.9 3.4+ 0.6 4,7 + 1.6
oxygen 1.4+ 0.7 2.5+0.8 1.0+0.6 2.8%0.6 627510
8 !"2an + S.EM., 0= 6L
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In the second experiment (Table 3), tissue PG coricentrations were
ajain unaffected by oxygen but plasma mPGF3, was significantly reduced in
oxygen-exposed rats after 24 and 48 hours. This presented the possibility
that inactivation of PGFp, might have become impaired. Consistent with
this result, Crutchley et al. (17) recently reported that mPGF 2y relesse
from isolated-perfused guinea pig lungs was depressed following exposure to
hyneroxia.

Table 3. Effect of air or oxygen on lung and plasma prostaglandin
concentrations (Experiment II),

0

Hours of Lung Plasma
Exposure
PGE 4 PGE 5 PGF x mPGF oy
(ng/100 mg wet wt.) (ng/ml)
6
air 1.7 + 0.78 0.55 + 0.20 7.2 + 2.6 nab
oxygen 1.8 + 0.9 0.68 + 0.20 5.8 + 2.3 NA
24
air 1.2 + 0.3 0.38 + 0.20 4.7 + 0.7 £.0+ 0.3
oxygen 1.7 + 0.6 0.61 + 0.20 5.4 + 1.9 2,2 + 0.6°
48
air 1.3 + 1.5 0.51 + 0.30 4.3 + 3.5 4.1 + 0.8
oxygen 0.9 +n.3 0.52 + 0.20 4.1% 0.9 2.6 + 0.59

8 Mean + S.E.M., n = 6.
b Not available.

C p<.0B1.

d p<.03.

The activity of PG synthetase declined significantly (p<.C01) bet.=en
24 and 48 hours (Ficure 1) of oxygen exposure, but was not sionificant
different from air control values at that tire. This is corsistent w.th
the findincs of Parkes and Eling (14) who observed no difference in svrthe-
tase activity in quinea pig lung after a similar exposure. PGDH/R activity
also decreased sicnificantly at 48 hours (p<.001) to 13% of the activity in
air controls. Cur results are quantitatively similar to the 7C% decline 1n
activity of PGCH observed in quinea piq lungs after 48 hours of hvpercxia
(14) and an B5% decrease ssen in thes same species after 72 hours (17).
Thus, the potential for normal rates of synthesis but lesser rates of
degradation existed in oxypen-exposed animals although we cannot say that
the actual rates of synthesis or catabolism were altered in vivo.




Figure 1. tean + S.E.!'. Lung Prostagléﬁdin Svnthetase Activity (n = 4-8),
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DISCUStik

Our results indicate that lung ticsu: levels of PGE and PGF are rmain-
tained curing hyperoxia, but that the in vivo rate of catabolism could
decline between 24 and 48 hours of e.posure. The fact that PGDH/R activity
is reduced by oxygen is consistent with the established premise that enzyras
containing sulfhyaryl croups are susceptible to oxidant cdarage (4). The
dehydrogenzse, but not the reductase, has sulfhydryl aroups {(18).

If cepressed PCOH/R activity actually reduced degradation of PG,
reduced circulating levels of PG retabolites might loqically result. Ve
chose to rmeesure the retehbolite of PGFoy on the assumption that its pro-
duction by PGDH/R would be representative of the relative production of
other PG retzholites converted by the enzyre corplex. mPGFpy levels in
the plasrma were sinnificantly louver at 24 and 48 hours, although it is not
certain that this resulted from any change in the activity of P7DH/R.

In only the sccond exoericent vas circulating metabolite concertration
sicnificantly low:r afler 24 *curs of hvperoxia and at a tire when activity
of the vnzye> corrley was not orpressed.,




Figure 2. Mean + S.E.M, Lung Comnbined Prostaglandin Dehvdrogenase/Reduct ase
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The timing of these changes in PG r~taholism are intriguing in light
of the chranology of known pathelocical c,wptoms associated with pulronary
toxicitv. DOur rat sodel tolerates noricha-ic hyperoxie well for 24 hours.
Up until that time, no gress syrplons or histolpoical zbrormalities are
observed., The =zctivities of key antioxidant enzyres, such es alutathione
peroxidase, clucesc-6-phosphate dehvdrocenass and superoxice diemutase, do
not chznge epprecizhly (19) succesting that the cells are not vet respon-
ding to oxidant stress. By 48 lours, histological evidence of edema is
arparent, Therzafter, the animals' conditicn deteriorates rapidlv.
FRespiratory distrecs, zrorexia, weight loss. intrapleural edema and gross
histoloaical patholoagy cccurs. Pulmonary entioxidant enzyme activity
decreasas (18), !~rtality rances from 50-15J% by 72 hours.

It thorefere szems likely that one or more biochemical events occur-
ring telicen 24 and ¢B hours precedes, and perhaeps triagers, the nnset of
overt toxicitv., 'z belicve that an olteration in the retabolism of PG,
retticularly a cdecrense 1n their catcholism, nay be one of those changes.




Our data do not address the question of mechamism. But ore possibility
is that an irnalance of vasoconstrictor and vasodilator substances miaht
alter pulronarv vascular pressure and perhaps copillary integrity, Yam and
Roberts (7) found that hyperoxia caused a decreased pulmonary vascular
resistance 1n n:onatal swine. The effect was attenuated by administration of
the PG svnthetase inhibitor, indomethacin., If, four instance, cataholism of
dilator PG were selectively impaired more than that of constrictor PG, the
resultina vasodilatation might produce or exacerbate the congestion and
vascular stasis seen in the carly stanes of pulnonary toxicity., Prosta-
glandins are also imolved in the integrity of cells through rediation of
ionic transport and calcium concentrations (20). 1f an alterstion of PG
metabolism cor promised the inteqrity of pulwnonary capillary cells, edema
formation micht be triggered or enhanced.

The field of prostaaqlandin pharmacologyv is currently ripe with new
discoveries of more prostaglandin and throemboxane substances, rany of which
may be more iroortant than those measured in this study. For example,
hvperoxia was recentlv reported to enhance the release of Tx® in
sensitized isclated-perfused nuinea pig lungs {17); we have preliminary
evidence that svrnthesis of this Jtent vazsoconstricter and platelet-
egaregating ezeznt is similarly © vreased by hyperoxia in vivo. Ve zre
pursuing the cu=stion of the rel -tionship between the cecreasse in FPCDH/R
activity and the onset of pulucnery symptoms as well as any possitle role
nevly-discovered prostaglandins and threrboxanes may have 1n puliorniary
oxygen toxicity.
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INTRODUCTION

We have evaluated the effect of several dietary constituents on the inci-
dence and time course of pulmonary oxygen toxicity. The most striking alteration
of relative susceptibility to pulmonary toxicity was produced by varying
dietary fat content (Table I). Since two antioxidant enzymes known to increase
their activity as part of the cellular response to oxidant gases (1,2) were

A

una’ ered by the diets, we looked for some other factor which could have caused
the differential response to hyperoxia., The ratio of polyunsaturated fatty
acids (PUFA) to saturated fatty acids, P/S ratio, was held constant as fat
content was increased in this experiment. We therefore wondered if the differ-

ential content of the PUFA, linoleic acid, a precursor of prostaglandins (PG)

and thromboxanes (Tx), might account for the differences in mortality.,

Table I. Mean + SD pulmonary activities {(e.u./100 ma fresh tissue) of pulmrnary
antioxidant enzymes in rats fed diets containing various amounts cf fat
calories and mortality after 72 hours exposure to normabaric hypr.roxia.

Fat Content? GSH-PxP G6PDHC Mortality
Lab chow, 5% .28 .33 1/11
Semi-synthetic, 5% .40 .27 3/10
Semi-synthetic, 9% .63 .32 5/11
Semi-~synthetic, 21% .47 .3 10/11
Semi~synthetic, 36% .56 .29 9/10

3 percent by weight. P/S ratio was 0.7 for all diets.

b Glutathione peroxidase.

€ Glucose-6-phosphate dehydrogenase.
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We have subsequently performed experiments to investigate the effects
of dietary fat content on pulmonary PG synthesis, and any changes in PG metabo-
lism which might occur during hyperoxic exposure. Our intention is to develop

a dietary regimen optimum for tolerating a potentially toxic oxygen exposure.

METHODS AND RESULTS

Effect of PUFA on Lung PG Profiles:

‘We demonstrated that endogenous levels of PGE4, PGEp, PGF; and PGIy can
be altered in rat lung by varying P/S ratio of the dietary fat. Table II shows
an upward trend of PG concentrations as P/S ratio rises. However, marked
differences occurred only with the diet contain.ng the highest PUFA level. All
experiments reported in this paper utilized a semi-synthetic diet which approxi-
mates that of the average American male., It contained, by weiaght, 21% fat, 19%
balanced protein, 50% carbohydrate, 2.5% fiber and nutritionally adequate
amounts of vitamins and minerals. In all e:periments, weanling male Sprague-
Dawley rats (CDF-1 strain, Charles River Co.]} wecre fed the diets for 2-4 weeks
prior to the experimental protocol. Prostaglarndin analyses were done by
radicimmunoassay as previously described (3).

four observations are pertinent. Ffirst, the increase in PG concentrations
with increasing P/S ratio was probably due tc increasing amounts of linoleic
acid. By weight, beef tallow contains about 2.5%, soybean o0il about 50% and
safflower oil about 75% lincleate. Second, tie relative magnitude of the

concentrations of PG may have bioloqical significance. PGF; , a pulmonary
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Table Il. Endogenous prostaglandin concentrations (ng/gq fresh tissue) in rat
lung as a function of P/S ratio.

Fat type? P/S ratio PGF o PCE 5 PGE 4 TxBob  6-keto-PGFq D
Fat-free 0.00 21.3 3.4 22.7 9.2 215
Beef tallow 0.05 26.9 6.8 28.3 9.3 253
Beef tallow/
soybean o0il 0.55 26.3 4.8 29.6  11.9 359
Soybean oil 5.50 40.9 5.0 39.5 18.8 332
3.60 69.84  26,2d 7984

Safflower oil 10.32 91.,1d 1

2 21% of diet, by weight.

b spontaneous degradation product of TxA2.

€ spontaneous degradation product of PGIjp.

d significant (P<0.05 or better) effect of dietary fat.

vasconstrictor (4), and PGE4, a vasodilator 4), are in about equal concenrtra-

tion. It is interesting to speculate whether or not vascular resistance might
be influenced by a specific balance between tre two. If so, an imbalance in’
the concentrations or activities of the two csubstances could play a role in the
vascular stasis and congestion which characterizes the toxic stage of hyperoxia.

Third, TxAp is a potent vasoconstrictor ana platelet aggregator which has

been implicated in pulmonary hypertension (5). While its concentration is
relatively low, it increased with increasinqg dietary fat content. It is
possible that the correlation between fat content and mortality may have been

associated with pulmonary hypertension. Fourth, PGlp is one of the most
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potent vasodilators and inhibitors of platelet agqreqation yet discovered (6).
Its concentration in the lung was ten times that of the other PG. The impli-
cations for oxygen poisoning of this high concentration are uncertain but bear

further scrutiny.

Effect of Hyperoxia and Aspirin on Lung PG Profiles

PG concentrations might reasonably be expected to be altered by hyperoxie,
and possibly play a role in the pulmonary response to it, because oxygen
is required for PG synthesis. Consistent with this, PG synthesis in vitro by
kidney slices was significantly enhanced by hyperoxygenating the medium (7).

If PG profiles do change during hyperoxia, it might be possible to alter
the lungs' response to hyperoxia by inhibiting their synthesis. Aspirin, which
inhibits the rate-controlling synthetase enzyme, has been reported to exacerbate
the toxic centrai nervous system effects attendant upon hyperbaric oxygen
exposure (8). But indomethacin, another synthetase inhibitor, did not alter
mortality rates of rats during normobaric hyperoxia (9).

We fed rats the semi-synthetic diet containing either 21% beef tallow or
safflower oil 7or three weeks and then exposed them to normobaric hyperoxia for
up to 60 hours (3). Half the animals in each diet group were injected intraperito-
neally with aspirin during each day of the oxygen exposure, at a dose determined
during prelim « experiments to provide 50% inhibition of PG synthesis.

Animals were sacri..ced at 0, 24, 48 and 60 hours and the lungs analyzed for

PGE4, PGEo and PCFp .

. e e i e it —a 1




Figure 1 shows the results for PGF2 which are representative of the

pattern seen for the other PG. The safflower oil diet stimulated PG synthesis
to levels about ten times those in the tallow-fed rats. Aspirin depressed
synthesis of all the PG prior to oxygen exposure in both diet groups. But
hyperoxia powerfully stimulated synthesis even in the presence of aspirin.
While diet had no effect on mortality at 60 hours, aspirin-injected rats had an
80% death rate versus 50% for saline controls at that time.

The fact that the safflower oil diet markedly altered PG synthesis but did
not alter mortality suggests that concentration changes of at least the PG
measured here do not appear to play a role in the toxic response. We now

believe that TxA and PGIp, for which we did not have assays at the time of

this experiment, may have been responsible for the effects observed rather than
the PGE and PCF series measured. Aspirin clearly can enhance the toxicity

although it iz not certain that its effect on PG synthesis is the mechanism.,

Effect of Oxvoer. on PG Synthesis and Pegradation

We next wisted to ascertain whether or not hyperoxia altered the activity
of PG syntheti1c or degradative enzymes in rats. We had assumed that hyperoxia
increased PG concentrations by providing substrate, 02. However, Parkes and
Eling (10) report:d that oxygen exposure did not alter the activity of PG
synthetase but did decrease that of PG dehydrogenase in guinea pigs. They
suggested that drgradation of circulating PG by the lungs might be impaired
during prolonged oxygen exposure. Studies using isolated-perfused lung prepara-

tions have shown that clearance of infused PG is indeed reduced in lungs
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exposed to hyperoxia (11,12), If deqradation were impaired, PG levels might
increase without a change in rate of synthesis.

Rats were fed the semi-synthetic diet with a P/S ratio of 0.7, then exposed
to air or oxygen at atmospheric pressure for G, 6, 24 or 48 hours. Lung concen
trations of PGEp, PGF5 , TxBp, 6-keto-PGFq and 13,14-dihydro-15-keto PGF9
(mPGF ) the metabolite of PGF were assayed. Plasma levels of mPGFy were
also measured as an indicator of clearance of PGF; from the blood by the lungs.
This metabolite assay was the only one available at the time of the experiment.
It was assumed that it would be representative of the clearance of other PG
from the blood. In addition, the activities of PG synthetase and { e PG
dehydrogenase/ reductase (PGDH/R) complex were measured in pulmona; tissue

as previously described (13).

Figure 2 s'.ows that synthetase activity was not altered bty oxygen exposure
(13), suggestir.; that synthetic capacity was not altered. PGDH,/? activity
decreased substantially between 24 and 48 hours of oxygen expisure (Fiqure -).
In Table III, it may be seen that circulating levels of mPGF; declined pro-
gressively during hyperoxia and were significantly different from beth zero
time and air-exposed controls at 48 hours., Thus, our in vivo results are
supportive of the previous findings in isolated lungs with regard to PG clear-
ance during hyperixia.

Concentrations of PGE2 and TxAp increased with oxygen exposure but were
not significantly different from air-exposed controls. The other measured PG
did not change during the exposures. The absence of systematic changes in

endogenous PG concentration and the deriine in circulating metabolite during
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hyperoxia confirm our previous results (13). These results suggest that
pulmonary PG synthesis during oxygen exposure is not markedly enhanced when the
rats are fed a mixed fat diet. They also suggest that an apparent change in PG

degrédation does not significantly change endogenous pulmonary PG concentrations.

Table III. Plasma mPGF» (na/ml) and pulmonary prostaglandin (ng/q fresh
tissue) concentrations of rats exposed to normobaric hyperoxia.

Flasma Lung
Hyperoxia 6-keto-
{hours) mPGF o PGE 2 PGF 5 mPGF o TxB,@  PGFqb
0 14.5 5.4 40.6 14.5 6.7 74.8
6 9.8 7.5 29.7 17.6 9.1 113.6
24 10.1 11.7 48.1 30.7 10.1 133.0
48 6.8€ 12.3¢ 42.9 27.9 12,5€ 110.0

@ Spontanecus dearadation product of TxAj.
b Spontaneous ¢ gradation product of PGI,.

€ Significani '~.0.05 or better) effect of time.

DISCUSSION

PG Degradatior and Oxyaen Toxicity

We cannot yet say whether or not the decline in activity of PGDH/R and
levels of circuiating mPGF7 are causally-related to the development of
pulmonary toxicity. But they coincide chronologically with the appearance of
visible symptoms of that toxicity. Our rat model tolerates hyperoxia well for
24 hours; no change in the activity of antioxidant enzymes (14) or histopathology

is evident at that time. Between 24 an. 48 hours, one or more biochemical
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events 6ccur to produce visible symptoms of dyspnea, pulmonary hemorrhaae and
intrapleural edema at 48 hours. Mortality is close to 100% by 72 hours. The
declining activity of PGDH/R and an impaired ability to remove circuiating PG
could be one of the critical biochemical events.

Possible Mechanisms of PG

Although PG involvement in pulmonary oxygen poisoning :s not yet proved,

there are at least two ways in which they might play a role. All of the PG are

vasoactive and at least PGI9 and TxA; influence platelet aggreqatibility
(15). It is possible that alterations in the vasoactivity of one or more PG
during hyperoxia contribute to the vascular congestion and edema which charac-
terize toxicity.

A second possibility hinges an the fact that the integrity of the pul-
monary capills:'y endothelium is compromised. The vasodilator PGlj is
probably synthesizea by these cells (16). And it is endothelial cells which
seem most suscept.ible to hyperoxia, undergoing death and necrosis prior to the
onset of edem> [17). If PGIp synthesis were impaired as a result, changes in
pulmonary vaccu.ar pressure might contribute to the edema. Alternatively, it
may be an sbherration of PG production which initiates endothelial cell necrosis
since PG are involved in membrane transport and intracellular functions (18).

Clinical Implicacions of PG in Pulmonary Oxygen Poisoning

If PG prove to play a part in the etiology of oxygen toxicity, manipula-

tion of their concentrations and activity by the use of diet and drugs might

allow reducticn of the occurrence and severity of symptoms. Several drugs with
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demonstrated efficacy in altering PG synthesis are already used clinically to
treat platelet hyper-aggregability (19). Our results thus far suggest that PG
synthesis might also be altered by manipulation of dietary fat content.

Furtﬁer definition of any role these important and ubiquitous substances might
have in preliminary toxicity includes the promise of useable clinical treatments

to reduce the detrimental effects of normobaric hyperoxia. i

.
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In the course of these experiments, we found the decrease of pulmonary
prostaglandin debydrogenase/reductase activity to be a sensitive indicator of
biochemical toxicity, the most sensitive non-fatal parameter we have encountered.

We assessed the effects of dietary fat content on relative susceptibility using

it as a biochemical index of toxicity (Table 5)

% Dietary fat % Decrease in Enzyme Activity after
48 hcurs Hyperoxia {(n = B)

5.0 76
9.3 80
21.2 59
3€.5 53

The general trend of a lesser decrease in enzyme activity with higher
dietary fat content contrasted with incress:d mertality as a function of fat
content (Table 4).

We used the same index to assess the erficacies of dietary supplementation
with vitamin £ and selenium (Tables 6 and 7).

Table 6: Percent reduction of enzyme activity following 48 hours exposure to
hyperoxia (n = 8)

Dietary vitamin £ (I.U.) % Decrease
0 96
60 85
60 (injected i.p.) 89
600 52

-64-
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Table 7: Percent reduction of enzyme activity following 48 hours exposure to

hyperoxia (n = 8) -

Dietary Selenium (ppb) % Decrease
0 S3
100 63
1000 88

These results suggest that supplementation with vitamin E at about 10 times

the normal ‘evel can alter the symptoms of pulmonary toxicity, while suprancrmal

supplementation with selenium does not.
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MISCELLANY
The antioxidant enzyme glutathione peroxidase plays a role in prosto-
glandin synthesis and we wondered whet;er differences 1n its activity could {
change endogenous prostaglandin concentrations. The results in Table 8 suggest
that its activity does not alter PG concentrations. !
Table 8:
Tissue Se (ppb) GSH-Px (e.u./q) Prostaglandins (ug/a/10 min.)
Fo E2 TxBg*  6-keto-Fq **
Lung 0 2 2.0 0.39 3.4 235
100 20 2.2 0.42 3.1 325
1000 23 1.7 0.30 3.2 223
Liver 0 15 1.2 0.42 0.08 0.28
100 96 1.0 0.34 0.11 0.34
1000 120 1.1 0.32 0.09 0.34

* Stable metabolite of thromboxand Aj
** Stable metabolite of PGIy

We were also interested in the efiicic «F aspirin on susceptibility toioxygen
poisoning. It is commony believed thet aspirin exacerbates the symptoms of
toxicity but we are aware of only one repoit demonstrating experimenial evidence, q
and that used unphysiologically high doses{3;. If prostaglandins play a significant
role in the etioclogy of oxygen toxicity, then svnthesis-inhibition by aspirin
should affect the onset of symptoms. The results of subcutaneously-administered
aspirin on mortality in mice is shown in Tabiz 9.

The results were equivocal. Controls at 1 ATA had lcwer mortality but about

the same death times as those given aspirin., Mortality at 2 and 4 ATA was
uniformly high for all groups. At 2 ATA, mean death time increasec with dose
at 4 ATA. These results did not permit a conclusion as to the effec.s of

aspirin on development of oxygen poison' q.
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Table 9: Percent mortality and mean + S.D. time to death {(minutes) of mice

injected with aspirin prior to hyperoxic exposure (n = 12),
i Oxygen, ATA
E Aspirin, mg/kg 1 2 4
0 66% 100% 100%
6540 + 840 1356 + 132 128 + 59
10 83% 90% 100%
6240 + 780 1344 + 108 151 + 91
30 83% 100% 100%
6540 + 1320 1314 + 60 157 + 76
S0 83% 90% 100%
6780 + 2760 1296 + 108 213 + 77
-67-




SUMMARY

This project has investigated two-areas of dietary influence on sus-
ceptibility to oxygen poisoning about which conclusions can be drawn. First,
supplementation with supranormal levels of vitamins, trace metals or amino
acids which would seem to play a role in the antioxidant defenses of cells does
not provide appreciable protection against toxicity except in the case of
vitamin E. Although some of our evidence is conflicting, we conclude that
dietary intakes of vitamin E of at least 10 times the daily requirement can
impart some pesistance to toxicity. The beneficial effect is small when
compared to non-dietary techniques, such as pre-acclimization to hyperoxia, but
is easy and apparently without untoward side effects. We can see no reason why
supranormal dietary supplementation should not be used in persons who will
undergo exposure to hyperoxia.

Second, there is some evidence that amount and possibly type of dietary
fat will influence susceptibility to oridant toxicity. How such an effect is
mediated is not clear but synthesis and cctabolism of prostaglandins is a good
possibility. The lungs have one of the highast tissue concentrations of
prostaglandins and is the major organ respansible for their clearance from the
blood. The well-documented deterioratior in the ability to detoxify prosta-
glandins with the onset of toxicity is a likely mechanism for some of the
cardiovascular-related events in the etiolocy of oxygen poisoning. Because a
role for prostaglandins in oxygen toxicity has not been demonstrated, we cannot
advocate prophylactic steps which might be ta<en. If such a role is eventually
proved, we have demonstrated that alteration of dietary fat content and com-
position can change tissue prostaglandin prefiles. It might thus be feasible
to optimize resistance to oxygen poisoning by changing prostaglandin metabolism

via dietary treatment.
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